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CHAPTER I
INTRODUCTION
Nuclear physics can trace its origin to Rutherford’s proposal of the atomic nucleus
in 1911. Since then, the understanding of the structure of the nucleus has grown
immensely in both theory and experiment with enormous amounts of theoretical
and experimental eﬀorts. Generally, theoretical answers to the nuclear many-body
problem are partly phenomenological. So, nuclear theory and experiment are closely
tied together, where theory ﬁnds its inspiration from experiment for the structure and
parameters of models, while experiment takes its inspiration from theory in ﬁnding
out what kind of experiments are most practical to test nuclear models. However,
there is no single theory that has the capability for interpreting all of the rich variety
of phenomena observed experimentally in nuclei. Instead, there are many diﬀerent
models proposed to attempt at explaining and characterizing diﬀerent phenomena.
There have been diﬀerent methods and techniques to perform nuclear experiments as
well. Therefore, nuclear physics research utilizes a broad range of experimental and
theoretical techniques. As new experimental techniques promote researchers’ ability
to study nuclei farther and farther away from stability, nuclear physics research has
moved towards more and more exotic ﬁelds and new theoretical models have been
required to interpret novel phenomena.
A nucleus is deﬁned by the proton number Z and the neutron number N , or
the mass number A = Z + N . One may write all these three numbers explicitly
1
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Figure 1.1: Chart of nuclides. Stable nuclei are indicated in black and major spherical
closed shells are indicated by vertical and horizontal lines.
to describe a nucleus like AZXN , where X is the atomic symbol. Figure 1.1 shows a
nuclide chart, with the stable nuclei indicated in black. The stability of a nucleus
is closely related to the forces holding its nucleons together and determined by the
competition between the attractive nuclear forces and the disruptive Coulomb forces.
One expects that the nuclear stability will be lost ﬁrst at the so-called neutron drip
line, where nuclei have zero binding for the next neutron, or the proton drip line,
where the next proton has no binding. The stable nuclei form a region, which can be
called the valley of beta-stability. Nuclei outside this valley are unstable.
Today, the study of exotic nuclei, which are far from the valley of beta-stability,
either neutron-rich or proton-rich, presents an important challenge for nuclear physics.
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Nuclear models have to be radically improved in order to accommodate the wealth
of new phenomena that have been observed by the continuing experimental eﬀorts.
Though we are still far from having a uniﬁed theory to describe those observations,
much important progress has been made. For example, modern improvements in
the shell model have been made by using interactions obtained from nucleon-nucleon
potentials that ﬁt the nucleon-nucleon phase shifts. The current nuclear physics
frontiers involve studying nuclei at the extremes, including neutron-rich or proton-
rich nuclei, high-spin states, larger deformations, exotic shapes, and so on. These
investigations extend not only the available range of nuclei, but also new physics
pictures related to the proton/neutron ratio in nuclei. For example, the properties of
neutron-rich nuclei related to the rapid neutron capture r-process are very important
to understand the nuclear synthesis in the universe. The r-process path cannot be
known without knowing the structures of these neutron-rich nuclei far from stability.
The study of nuclei at high spin is an active topic in nuclear structure studies.
High-spin studies can provide experimental evidence for many exotic and interesting
phenomena and thus very eﬀective tests for the corresponding models. High-spin
states can be formed by either driving individual nucleons to higher angular mo-
mentum orbits or making the core of paired nucleons rotate rapidly. The excitation
energies can be in the form of the collective rotations or vibrations of the entire core.
If the core rotates fast enough, one nucleon pair in the core may be broken with
the addition of two valence nucleons, resulting in the occurrence of backbending of
the moment of inertia. The collective structure and the single particle structure of
nuclei are complementary and competitive to each other. Therefore, the studies of
3
high-spin states are valuable to understand the relative importance of collectivity and
individuality in a nucleus for developing nuclear models.
One main method to produce neutron-rich nuclei in high-spin states is the sponta-
neous ﬁssion of 252Cf. Measuring γ-rays emitting from the ﬁssion fragments allows us
to study the behavior of these excited nuclei as they deexcite to their ground states
or isomeric states through γ-ray emission. With the development of the sophisticated
experimental facilities and data acquisition and analysis techniques, we are able to
identify the γ-rays of a speciﬁc nucleus and build its level scheme with a plentiful
supply of information regarding the nuclear structure of this nucleus.
In the present work, we have investigated the prompt γ-ray spectroscopy of the
ﬁssion fragments produced in the spontaneous ﬁssion of 252Cf. We focus on the iso-
topes in the mass regions where exotic nuclear shapes appear, such as 114,115Rh in
the A = 110 region with triaxiality and 140,142Cs in the region related to octupole
correlations. We are also interested in the nuclei with a few nucleons beyond the
doubly-magic core 132Sn, where the spherical shell model is suitable to describe their
nuclear properties with eﬀective interactions. In Chapter II, some theoretical topics
related to the current work will be introduced. In Chapter III, several experimental
techniques employed in the present experiment and data analysis will be presented.
The remaining chapters will give the experimental and theoretical results. The cor-
responding details will be presented in each chapter.
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CHAPTER II
THEORETICAL BACKGROUND
In this chapter, a few theoretical topics related to the current studies will be pre-
sented. A brief introduction of two types of natural decay processes will be given
ﬁrst. Then three major nuclear models, namely the spherical shell model, the col-
lective model, and the uniﬁed model, will be described in detail to some extent. In
Section 2.3, various nuclear shapes predicted by theory or observed in experiment
will be discussed, especially the spherical shape and those related to triaxial defor-
mations and octupole deformations/correlations, which have been observed in the
present work.
2.1 Natural decay processes
There are a few decay processes that have been observed naturally. In this section,
we will only focus on two processes that are related to our studies. They are the γ
decay and spontaneous ﬁssion.
2.1.1 γ decay
A nucleus in excited states can release its “extra” energies and decays to lower
states through electromagnetic radiations known as γ decay. The level energies and
spin-parities (Ipi) of excited states establish the level structures of nuclei and the
investigation of γ-rays emitted from nuclei can reveal their nuclear properties.
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The multipolarity of a γ-ray transition is a quantity that is related to the spins
and parities of the initial and ﬁnal states connected by this transition. In this process,
both angular momentum and parity are conserved. Multipolarity is a term to describe
the character of the electromagnetic radiation emitted from nuclei. The character of
the radiation depends on the shape and time dependence of the charge distribution
that produces it. It can either be electric (E) or magnetic (M) with a quantized
angular momentum (L). Therefore, multipolarity of a γ-ray transition is denoted as
EL orML. Since the intrinsic spin of a photon is one, the angular momentum change
for a γ-ray transition must be integral. Multipolarity of a transition is determined by
the spin-parity selection rules:
L =| Ii − If |, | Ii − If | +1, | Ii − If | +2, · · · , Ii + If (no L = 0) (2.1)
and
piipif = (−1)L (2.2)
for electric transtions, or
piipif = (−1)L+1 (2.3)
for magnetic transitions, where i and f stand for the initial and ﬁnal states, re-
spectively. For example, a 9/2− → 7/2+ transition could have a multipolarity of
M8, E7,M6, E5,M4, E3,M2 or E1. The γ-ray transition probability for a given
6
E/ML, T (E/ML; Ii → If ), can be obtained in the form of
T (E/ML; Ii → If ) = 8pi(L+ 1)
L
[
(2L+ 1)!!
]2 1
~
(Eγ
~c
)2L+1
B(E/ML; Ii → If ), (2.4)
where Eγ is the photon energy and B(E/ML; Ii → If ) is the reduced transition
probability, written in terms of the reduced matrix element as
B(E/ML; Ii → If ) = 1
2Ii + 1
|< If ‖ M (E/ML) ‖ Ii >|2 . (2.5)
< If ‖ M (E/ML) ‖ Ii > is the so-called reduced matrix element and M (E/ML) is
the electromagnetic operator. Then the values for the relative intensities of various
multipoles can be estimated as
T (M1) : T (E2) : T (M3) : T (E4) ≈ 1 : 1× 10−3 : 2× 10−10 : 1× 10−13 (2.6)
and
T (E1) : T (M2) : T (E3) : T (M4) ≈ 1 : 2× 10−7 : 2× 10−10 : 2× 10−17. (2.7)
We consider only the lowest multipoles since the probability goes down rapidly with
increasing angular momentum carried away by the photon. So, the 9/2−→7/2+ tran-
sition is expected to have a pure E1 multipolarity, with negligible relative intensities
for other higher multipoles. In practice, if the multipolarity of a transition is known,
it becomes possible to determine the Ipi of the initial or the ﬁnal state with known
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Ipi of one of these two states.
The multipolarity of a transition may aﬀect some observable properties like life-
time of the initial state. Compared to α decay (10−5-1017 seconds) and β decay
(10−2-1013 seconds), lifetime for γ decay is usually very short (10−12-10−9 seconds).
However, there are some levels, with lifetime of the order of 10−6 seconds or greater,
which are called isomers. Generally, an isomeric state arises because multipolarity of
the allowed transition from this level decaying to the lower level is very high.
The preceding example of the 9/2−→7/2+ transition has a pure E1 multipolarity.
However, some transitions do not have a pure multipolarity. For example, let us
consider a 9/2+→7/2+ transition. It is possible for this transition to be either pure
M1, pure E2 or E2/M1 mixed. The term, mixing ratio δ, which will be deﬁned next,
is used to describe such a situation.
One way to determine the angular momentum carried by a transition is to measure
the angular correlation between two or more successive γ-ray transitions in a cascade,
which include the transition of interest. The theoretical foundation for the angular
correlation was ﬁrst proposed in 1940 [1]. Early angular correlation experiments were
carried out with only two or three detectors and were often restricted to 90◦, 135◦,
or 180◦. The angular correlation function W (θ) for two successive γ-ray transitions,
γ1(L1, L
′
1) and γ2(L2, L
′
2), with the initial state I1, intermediate state I2, and ﬁnal
state I3, as shown in Fig. 2.1, can be expressed as a Legendre polynomial expansion
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over all permitted orders k [2]
W (θ) = 1+A2(γ1)A2(γ2)P2(cosθ)+A4(γ1)A4(γ2)P4(cosθ)+· · ·+Akmax(γ1)Akmax(γ2)Pkmax(cosθ)
(2.8)
where 0 ≤ k ≤ min(2I2, 2L1, 2L2), namely the selection rules for k. These selection
rules follow directly from the invariance of the correlation processes under rotation
and inversion. In other words, γ-ray emission symmetric about a plane normal to the
quantization axis is the reason of this result. The index k is an even integer as long
as one does not measure linear polarizations of γ radiation.
Figure 2.1: A schematic drawing for two successive γ-ray transitions in a cascade.
The Ak(γ) coeﬃcients depend on the multipole nature of the transitions and the
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product Ak(γ1)Ak(γ2) is written as Ak(δ1, δ2) [3], where
Ak(δ1, δ2) =
1
1 + δ21
[
Fk(L1L1I1I2) + (−1)(L1−L′1)2δ1Fk(L1L′1I1I2) + δ21Fk(L′1L′1I1I2)
]
× 1
1 + δ22
[
Fk(L2L2I3I2) + 2δ2Fk(L2L
′
2I3I2) + δ
2
2Fk(L
′
2L
′
2I3I2)
]
,
(2.9)
The mixing ratios δ1 and δ2 are deﬁned as the ratio of the corresponding reduced
matrix elements
δ1 =
< I2 ‖ M (E/ML′1) ‖ I1 >
< I2 ‖ M (M/EL1) ‖ I1 >, (2.10)
and
δ2 =
< I3 ‖ M (E/ML′2) ‖ I2 >
< I3 ‖ M (M/EL2) ‖ I2 > (2.11)
respectively, and Fk is deﬁned as [4]
Fk(LL
′IiI) = (−1)Ii+I−1
[
(2L+1)(2L′+1)(2I+1)(2k+1)
] 1
2
( L L′ k
1 −1 0
)( L L′ k
I I Ii
)
.
(2.12)
L′1 and L
′
2 are used to describe possible multipole mixtures in γ1 and γ2, respectively.
If one transition is mixed, one usually obtain a multipole mixture of orders 2L and
2L
′
. Conservation of parity results in one being magnetic, the other electric. Note
that L′1 = L1 + 1 and L
′
2 = L2 + 1 are chosen based on the relative intensities of
various multipoles in Eqs. (2.6) and (2.7). In other words, only the multipole with
the angular momentum one unit larger than L is taken into account in theoretical
calculations and in experimental analysis.
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In most cases, we need to consider only the ﬁrst three terms in Eq. (2.8), which
means that
W (θ) = 1 + A2(δ)P2(cosθ) + A4(δ)P4(cosθ). (2.13)
In Eq. (2.13), it is implied that one of the transitions is of pure multipole and δ
is that of the mixed transition. The theoretical values for a pure quadrupole →
quadrupole cascade (L1 = 2, L2 = 2 and δ1 = 0, δ2 = 0) are A2=0.102 and A4=0.009.
Theoretical values for diﬀerent spin sequences have been tabulated in Refs. [3,5]. By
comparing the experimentally measured A2 and A4 values with the theoretical ones,
one is able to determine the angular momenta carried away by one of the transitions
of interest, provided one knows the spins I1, I2, and/or I3. It is worth pointing out
that angular correlations can only give the L values carried away by the transitions
in the correlation, but cannot tell the electric or magnetic multipoles. In other words,
angular correlation measurements can be used to assign spins to states of interest,
rather than their parities. However, one is still able to establish parities of levels of
interest, by knowing other nuclear properties. In addition, angular correlations also
provide an approach to determine the E2/M1 mixing ratio of a transition between
two states with ∆I = 1 (I1−I2 = 1) and like parity, and the g-factor of the state with
a “long” lifetime, which are measured and compared with theory in Chapter V and
VI, respectively. More explicit introduction for the E2/M1 mixing ratio and g-factor
will be given in the following.
A transition between two states with ∆I = 1 and like parity is expected to have
a multipolarity of M1, E2, or M3, and so on. By taking the relative intensities
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of multipoles into account, one can conclude that only the lowest two multipolari-
ties dominate in this transition. Therefore, this transition can be of mixed E2/M1
character. The square of the E2/M1 mixing ratio is deﬁned as the ratio of the tran-
sition probabilities T (E2; I1 → I2) and T (M1; I1 → I2) for an E2 and M1 transition,
respectively, in the form of
δ2(E2/M1; I1 → I2) = T (E2; I1 → I2)
T (M1; I1 → I2) . (2.14)
The sign convention chosen in the present work is from Ref. [6], where the initial state
of the transition is written on the right side in the reduced matrix elements. Thus,
the mixing ratio is given by the corresponding E2 and M1 matrix elements as
δ(E2/M1; I1 → I2) = 0.835Eγ < I2 ‖ M (E2) ‖ I1 >
< I2 ‖ M (M1) ‖ I1 >, (2.15)
where Eγ is in MeV. From Eq. (2.15), one clearly sees that the mixing ratio is a
measure of the ratio of the E2 and M1 transition matrix elements, which are related
to the electric quadrupole operator and the magnetic dipole operator, respectively.
So, the mixing ratio can give information about both electric and magnetic properties
of a nucleus.
There are two nuclear quantities that can be easily accessible to being measured,
namely, the magnetic dipole moment and the electric quadrupole moment. They rep-
resent the lowest non-trivial electric and magnetic multipoles in γ radiation, because
the electric monopole is the nuclear charge and the electric dipole moment and the
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magnetic monopole moment probably vanish.
The magnetic dipole moment µ of a nucleus is an important quantity to describe
the magnetic properties of a nucleus. The scale of the nuclear magnetism is the
nuclear magneton, µN = 0.315 MeV/T. The magnetic moment of a nucleus is quite
small and somewhat diﬃcult to obtain directly. If a very strong magnetic ﬁeld is
applied to a nucleus, one may be able to measure its interaction with this nucleus
and then know the magnetic dipole moment in this nucleus. In general, the g-factor,
a dimensionless quantity used to evaluate the magnetic moments for diﬀerent nuclear
states, is deﬁned as
g =
µ
µNI
(2.16)
where I is the spin value of the state of interest. The magnetic dipole moment of
a nucleus has two distinct origins. One is the motion of charges within a nucleus.
The g-factor of this origin can be referred to as the orbital g-factor. The other is the
intrinsic magnetic moment of each nucleon related to its intrinsic spin motion. This
is sometimes called the intrinsic-spin magnetic moment. Theoretical g-factor values
can be predicted with diﬀerent nuclear models for various mass regions.
The electric quadrupole moment Q0 of a nucleus is a parameter to describes the
eﬀective shape of the ellipsoid of nuclear charge distribution. A non-zero quadrupole
moment Q0 indicates that the charge distribution is not spherically symmetric and
the nucleus is deformed. More information about the nuclear deformed shapes and
their relationship with the electric quadrupole moment will be given in Section 2.3.
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A classical deﬁnition of the nuclear electric quadrupole moment is given by
Q0 =
∫
ρ(3z2 − r2)dV . (2.17)
Electric quadrupole moments of nuclei can be measured from hyperﬁne splitting of
atomic spectral lines, quadrupole hyperﬁne splitting of molecular rotational spectra,
and other spectroscopic techniques.
It is worth mentioning that another nuclear deexcitation process competing with
the γ-ray emission is the so-called internal conversion (IC). The internal conversion
occurs when a nucleus in an excited state transfers some of its “excess” energy to an
atomic electron to knock it out. It is a one step, direct process due to the overlap
of wave functions of atomic electrons and the nucleus. The total internal conversion
coeﬃcient (ICC) of a transition is a very useful quantity to determine its multipolarity,
deﬁned as
αT =
Te
Tγ
, (2.18)
where Te and Tγ are the decay probabilities for the internal conversion and the γ-ray,
respectively. Theoretical methods have been developed to predict αT values for tran-
sitions of diﬀerent energies in various nuclei. We use the BrIcc Conversion Coeﬃcient
Calculator [7] to obtain theoretical αT values for diﬀerent possible multipolarities in
the present work.
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2.1.2 Spontaneous ﬁssion
Spontaneous ﬁssion is a process in which a single heavy nucleus spontaneously
splits into two or more smaller fragments with free neutrons. The process occurs
mainly in heavy nuclei and is the direct result of competition between the attractive
nuclear force and the Coulomb repulsion. One important spontaneous ﬁssion source
is 25298 Cf, which has a half-life of 2.645(8) years.
The energy to hold a 25298 Cf nucleus, so-called the binding energy, is approximately
equal to the diﬀerence between the measured mass of 252Cf and the total mass of 98
protons and 154 neutrons. The binary spontaneous ﬁssion of a 252Cf nucleus is able
to release an energy of ≈ 200 MeV. Besides the spontaneous ﬁssion process, the α
decay is the dominant deexcitation mechanism for 252Cf. The α-decay process can
liberate an energy of ≈ 6 MeV. The preference for the α decay over the spontaneous
ﬁssion manifests itself in the fact that the α decay branch occurs in 97% of the decay
while the spontaneous ﬁssion branch is only 3%. These two competing processes are
shown in Fig. 2.2.
The formation of states at high spin in the spontaneous ﬁssion process has been
studied theoretically. We can estimate the max limit of the spin value as Imax = 36~.
More information about the calculations can be found in Ref. [9]. This value is well
beyond the highest value observed in our experiments about 22~. The possible reason
is that these highest-spin states have much lower population in the spontaneous ﬁssion
of 252Cf. So, it is quite diﬃcult to observe them.
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Figure 2.2: Relative potential-energy barrier widths for the processes of the sponta-
neous ﬁssion and α decay in 252Cf. Taken from Ref. [8]
2.2 Nuclear models
Many diﬀerent models have been proposed to interpret experimental phenomena in
nuclear physics. Roughly, these models can be classiﬁed into two main types: the shell
model and the collective model, which describe single nucleon motions and collective
motions of nucleons in a speciﬁc nucleus, respectively. We will brieﬂy describe the
shell model, the collective model and a hybrid model, named as the uniﬁed model.
2.2.1 The shell model
The spherical shell model was ﬁrst introduced by Mayer and Jensen [10]. Evidence
of the existence of nuclear shells has been observed experimentally in many aspects,
such as nuclide abundance, neutron and proton separation energies, and the α-decay
energies. For example, sudden drops are seen in neutron and proton separation ener-
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gies at certain numbers of neutrons or protons, like 50, 82, 126 for neutrons. These
numbers are known as magic numbers. The ﬁrst job was to ﬁnd an appropriate po-
tential that would reproduce these corresponding magic numbers correctly. This goal
was not fulﬁlled until Mayer and separately Jensen found that the proper potential
like the harmonic oscillator potential must include the spin-orbit interaction, a term
of lˆ · sˆ with the opposite sign and much larger magnitude than the spin-orbit inter-
action of electrons in atoms. A realistic ﬁnite potential, the Woods-Saxon potential,
with spin-orbit coupling is widely used in the form of [11]
U(r) =
U0
1 + exp[(r −R0)/a] +
Uls
r0
1
r
d
dr
{ 1
1 + exp[(r −R0)/a]
}
lˆ · sˆ. (2.19)
A typical set of parameters is U0 = [−51 + 33(N − Z)/A] MeV, Uls = −0.44U0,
a = 0.67 fm, and R0 = r0A
1/3 with r0 = 1.27 fm. The spin-orbit interaction results
in individual energy levels to split in such a way that at magic numbers, 2, 8, 20, 28,
50, 82, 126, are large gaps in the energy spacings. It is easy to understand that nuclei
in the shell model have a spherical shape.
Besides its ideal reproduction of magic numbers, the shell model has been used to
successfully interpret nuclear properties in more ways than one, such as the magnetic
dipole moments, the electric quadrupole moments, the spin-parity assignments of
ground states of odd-A nuclei, the isomer distributions, and the γ-ray transition
probabilities. The strictest version of the shell model is the extreme single particle
shell model, which assumes the “seniority rule” [12] that two by two particles of the
same kind pair off to angular momentum zero and only the last odd nucleon outside
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the closed shells has a spin diﬀerent from zero and is considered to contribute to the
spin-parity of the ground state. Although this interpretation is an oversimpliﬁcation
somewhat, its predictions hold true in many cases. Let us take 57Ni, with one neutron
outside the doubly-magic core 56Ni (Z = 28, N = 28), for an example. According
to the extreme single particle shell model, the last neutron in the p3/2 orbital should
give a spin of 3/2 to the ground state, which turns out to be correct experimentally.
The shell model can also be used to predict and interpret excited states as well.
Excited states are often calculated by considering nucleons outside a speciﬁc magic
or doubly-magic core as single particles. It is assumed that nucleons up to the closed
major shells or sub-shells are too tightly bound to contribute to nuclear excitations.
One interesting region for the shell model is beyond the doubly-magic core 132Sn
which has Z = 50 and N = 82. Many computer codes have been developed in
the shell-model framework to interpret the nuclear structure of nuclei in this region.
In the previous work of our group, realistic shell-model calculations with a two-body
eﬀective interaction derived from the CD-Bonn nucleon-nucleon potential were carried
out for 137Cs (Z = 55, N = 82) and 138Cs (Z = 55, N = 83) and reproduced their
experimental level patterns very well [13]. For 134Te with two protons and 135I with
three protons outside the 132Sn core, the values of the g-factors for levels predicted
by the shell-model calculations were very consistent with the measured values [14].
As presented in Chapter V and VI, shell-model calculations are used to interpret the
nuclear structures of a few neutron-rich nuclei beyond 132Sn. More details will be
given then.
However, despite its success, the shell model still has some limitations because it
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simply treats nucleons as independent particles, moving in a spherical mean potential
produced by themselves. Even after including the pairing eﬀect, the residual inter-
action and the possibilities of the conﬁguration mixture, the shell model still cannot
predict or interpret some features and phenomena of nuclei, such as larger quadrupole
moments observed in nuclei far away from magic numbers, and certain distinguishing
properties in low-energy excitations or high-energy excitations, which brings in the
next two nuclear models.
2.2.2 The collective model
Many features of nuclei indicate that the nuclear motion does not consist of only
the simple single particle excitations. Instead, there are a few typical eﬀects that
imply a collective motion, where all or at least a large part of nucleons in a nucleus
move coherently with well-deﬁned phases. Nearly all nuclei with neutron numbers at
mid shell between two major magic numbers show some degree of collective behaviors.
Two important types of the collective motions are the surface vibration of the nuclear
shape that is a motion of nucleons from one region of the nuclear sphere to another
one and the rotation of the entire nucleus. The ﬁrst step of the collective model was
made by Bohr and Mottelson in the 1950s. One important Hamiltonian of a collec-
tive motion including vibrational motions, rotational motions and their interactions
(namely the rotation-vibration model) is given by [15]
Hˆcoll = Hˆrot + Hˆvib + Hˆvib rot. (2.20)
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In even-even nuclei, strong indicators for the collectively rotational motions are,
for example, the ratios of the lowest 4+ to 2+ state energies and the large 2+ state
electric quadrupole moments. Evidence of the rotational and vibrational motions is
shown in Fig. 2.3, where the ratios of the ﬁrst 4+ to 2+ level energies are shown.
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Figure 2.3: E(4+): E(2+) of yrast bands of even-even Zr and Mo isotopes.
In the collective model, the collective g-factor values for the excited states in
rotational odd-even nuclei can be predicted simply as g = Z/A, while g = 0.5Z/A
is taken for even-odd nuclei [16]. Many states in rotational odd-A nuclei agree with
these simple estimates.
It should be pointed out that the introduction of collective motions is deﬁnitely
not to be treated as standing in opposition to the shell model. In fact, the mean
ﬁeld for the independent particles is of collective nature, essentially. This was clearly
revealed by Nilsson [17] in 1955, who extended the spherical shell model to deformed
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nuclei that have shapes diﬀerent from a sphere.
2.2.3 The uniﬁed model
In the above statements, it becomes clear that coherence in the nuclear single
particle motion results in collective eﬀects in some mass regions. That means the
shell model and the collective model are, in fact, closely related. If we discuss the
single particle motion and the collective motion simultaneously, the Hamiltonian of
the entire nucleus will therefore be in the form of [15]
Hˆ = Hˆcoll + Hˆsp + Hˆint (2.21)
where Hˆcoll is from Eq. (2.20), Hˆsp is the Hamiltonian of the single particle and Hˆint
stands for the interaction between the single particle motion and the collective motion.
At the same time, the nucleus seems to have a deformed shape that is given, in
a quantitative way, by the large values of the intrinsic electric quadrupole moments.
That is because many protons in the nucleus can give a large value of the electric
quadrupole moment if this nucleus has a permanent non-spherical shape. Thus, the
deformed potential was introduced to solve the Hamiltonian of the single particle
motion by Nilsson. The deformed potential that Nilsson chose was named as the
Nilsson potential, in the form of [15]
VNilsson = Vh − Csˆ · lˆ −Dlˆ2 (2.22)
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where Vh is the harmonic oscillator potential. Therefore, the deformed single particle
Hamiltonian Hˆsp becomes
Hˆsp =
pˆ2
2M
+ Vh − Csˆ · lˆ −Dlˆ2. (2.23)
Nilsson chose the so-called asymptotic quantum numbers [N, nz,Λ,Σ]Ω
pi to describe
the single particle orbitals in the deformed potential. N is the the principal quantum
number of the major shell; nz is the number of nodes in the wave function along
the z axis that refers to the symmetry axis; Λ represents the projection of the orbital
angular momentum l on the symmetry axis; Σ gives the projection of the spin s on the
symmetry axis; Ω denotes the projection of the single particle angular momentum j =
l+s on the symmetry axis; pi is the parity and deﬁned as pi = (−1)l. Since one knows
that Σ = ±1/2, [N, nz,Λ]Ωpi is suﬃcient for the deformed single particle orbitals,
where only Ω and pi are good quantum numbers. However, the other three quantum
numbers, N , nz, and Λ, become good quantum numbers at large deformations and
therefore are called asymptotic quantum numbers. The energy levels of a single
particle moving in a deformed potential given by Nilsson in [N, nz,Λ]Ω
pi succeeded
in interpreting and describing the ground states and excited states in nuclei with
deformation.
After the introduction of the Nilsson deformed potential for the single particle
motion, the Hamiltonian in Eq. (2.21) has the ability to predict the properties of
nuclei in various mass regions with diﬀerent shapes. That is the uniﬁed nuclear
model. One important prediction of the uniﬁed theory of the collective rotation,
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collective vibration and single particle motion is the existence of γ-vibrational bands,
which have been observed in Nb, Mo and Ru isotopes for example and other regions.
The major purpose of the present work is to discover the nuclear features of
high-spin states in neutron-rich nuclei. In the mass regions where nuclei have large
deformations, many exotic phenomena have been observed, such as prolate or oblate
shapes, triaxiality, the backbending phenomenon, octupole deformations/correlations,
chiral doublet bands. Many models, including the particle-plus-axial-rotor model and
the triaxial-rotor-plus-particle model in the particle-plus-rotor-model framework, and
the Interacting Boson Model (IBM), have been developed and utilized to interpret the
above phenomena with partial success. In the present work as discussed in Chapter
IV, calculations based on the rigid-triaxial-rotor-plus-quasiparticle model conﬁrm the
existence of triaxiality in 115Rh which is observed experimentally.
For odd-A nuclei with deformation where the rotational collectivity is predomi-
nant, nuclear models in the particle-plus-rotor-model framework are able to explain
their properties very well. The physics picture of this model framework can be de-
scribed as a few valence particles moving more or less independently in the deformed
potential of the core coupled to the collectively rotational core that stands for all the
paired particles.
It is known that only a deformed nucleus can rotate collectively, and the only
possible rotational axis is perpendicular to the symmetry axis, if the nucleus is axially
symmetric. For the collective rotation, it is then possible to deﬁne the kinetic moment
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of inertia, J , resulting in the following Hamiltonian as
Hrot =
R2
2J
(2.24)
where R is the collective angular momentum. For the pure collective rotation in
even-even nuclei, the total angular momentum (the total spin) I is equal to R, which
leads to the level energy with the spin I in the form of
E(I) =
~
2
2J
I(I + 1). (2.25)
Pure rotational bands are essentially never seen in nuclei in practice because rotational
and vibrational collectivity is more or less mixed. The kinetic moment of inertia can
be extracted from experimental rotational bands. The experimental values of J are
generally 25-50% of the rigid body value. The method to extract the kinetic moment
of inertia experimentally will be given next.
For an odd-A nucleus, the speciﬁc features of its low-energy states are determined
by the orbitals occupied by the odd nucleon. For these orbitals in an axially sym-
metric, deformed potential, only the parity and the projection of the single particle
angular momentum j on the symmetry axis, namely Ω, are good quantum numbers.
If the rotational axis is perpendicular to the symmetry axis, the collective rotational
angular momentum has no component on the symmetry axis. As shown in Fig. 2.4
where the z-axis is chosen as the symmetry axis, the total spin I is the sum of
the single particle spin j and the collective angular momentum R of the core rotor.
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Then, the collectively rotational energy of an axially symmetric nucleus around an
axis perpendicular to the z-axis can be calculated from
Hrot =
R2
2J
=
(I − j)2
2J
=
1
2J
[
(Ix − jx)2 + (Iy − jy)2
]
=
1
2J
[
(I2 − I2z ) + (j2x + j2y)− (Ixjx + Iyjy)
]
.
(2.26)
The recoil term (j2x + j
2
y) is constant for a rotational band. The term (Ixjx + Iyjy),
which can be expressed as (I+j−+I−j+), corresponds classically to the Coriolis force,
which results in a coupling between the single particle motion and the collective
rotation. These terms in Eq. (2.26) are of diﬀerent importance in diﬀerent situations.
Thus, it is useful to consider three limits where one of these terms is predominant
and can consequently be solved. In the strong coupling limit, the single particle
adiabatically follows the rotation of the core and the coupling to the deformation
is much stronger than the perturbation caused by the Coriolis interaction. In the
weak coupling limit, the nuclear deformation is very small and the single particle
essentially moves in the spherical shells with a slight perturbation (for example, from
the quadrupole vibration). In the decoupling limit, the Coriolis force is so strong that
the coupling to the deformation can be neglected, and R is parallel to j each other.
In the following text, we only focus on the ﬁrst limit, the strong coupling limit, which
is also called deformation alignment.
In the strong coupling limit, one sees that the projection of the total spin on the
z-axis, K, is a good quantum number and is equal to Ω, as shown in Fig. 2.4. For
small I, it is justiﬁed to assume that the Coriolis interaction is small and only its
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Figure 2.4: Illustration of two extreme coupling schemes, the strong coupling limit
(left ﬁgure) and the decoupling limit (right ﬁgure). Taken from Ref. [18]
diagonal contributions need to be considered. The diagonal matrix elements of the
Coriolis interaction are not equal to zero only for K = 1
2
. Thus, one can obtain the
level energy in a rotational band as
E(I,K) = Esp +
1
2J
[I(I + 1)−K2] (K 6= 1
2
), (2.27)
where Esp is the eigenvalue of the single particle Hamiltonian, for example, as given
in Eq. (2.23). In Eq. (2.27), the Coriolis interaction is completely neglected. For
I > K, the spins I = K, K + 1, K + 2, · · · are observed experimentally to form
∆I = 1 rotational bands. For rotational bands with K = 1
2
where the Coriolis eﬀect
cannot be neglected, the expression of the level energy is given by
E(I,K =
1
2
) = Esp +
1
2J
[
I(I + 1)− 1
4
+ a(−1)I+ 12
(
I +
1
2
)]
, (2.28)
where a is the so-called decoupling parameter.
At large spins, K is no longer a good quantum number because ofK mixing caused
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by the Coriolis interaction, but the parity is still preserved. A new good quantum
number was introduced to describe the invariance of the Hamiltonian with respect to
the rotation about the rotational axis by pi. It is named as the signature quantum
number, α. Without going into details, we need to mention the α values for odd- and
even-A nuclei. For odd-A nuclei, α can have the values of +1
2
and −1
2
. The states
in rotational bands with α = +1
2
have spin sequences of 1
2
, 5
2
, 9
2
, 13
2
, · · · , while spin
sequences with α = −1
2
are 3
2
, 7
2
, 11
2
, 15
2
, · · · . For even-A nuclei, α can have the values
of 0 and 1, with spin sequences 0, 2, 4, 6, · · · and 1, 3, 5 ,7, · · · , respectively. The
band-heads of rotational bands may have any spin in the corresponding sequences.
In high-spin studies, the relationship between the kinetic moment of inertia and
the rotational frequency is very important to interpret the phenomenon of back-
bending. The rotational frequency is deﬁned by
ω =
dE(I)
~dIx
, (2.29)
where E(I) is the rotational energy and Ix is the component of the total spin I in
the rotational axis, x−axis. An approximation is used widely in the form of
~ω =
1
2
Eγ(I + 1→ I − 1). (2.30)
According to Eq. (2.24), the kinetic moment of inertia can be obtained by
~
2
J
= 2
dE(I)
dI2
. (2.31)
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It is also not diﬃcult to derive an often-used approximation for the kinetic moment
of inertia in the form of
J =
~
2(2I + 1)
Eγ(I + 1→ I − 1) . (2.32)
From Eqs. (2.30) and (2.32), one can obtain the rotational frequency and the kinetic
moment of inertia from the experimental level energies, Eγ(I + 1→ I − 1) = E(I +
1) − E(I − 1). These two qualities will be used in Chapter IV to discuss the the
phenomenon of back-bending.
2.3 Nuclear shapes
From the above introduction, it is obvious that nuclei in diﬀerent mass regions have
diﬀerent shapes. For example, the doubly-magic nuclei have a spherical shape, but
those far from the closed shells are expected to have deformed shapes. The coexistence
of spherical and deformed shapes in the same nucleus and diﬀerent deformed shapes
in a nucleus has been well established [19–21].
The nuclear shapes can be described in terms of an expansion of the radius vector
from the origin to the nuclear surface in a series of spherical harmonics, in the form
of
R(θ, φ) = R0
[
1 +
∞∑
λ=0
λ∑
µ=−λ
αλµYλµ(θ, φ)
]
(2.33)
where R0 is the radius of a sphere with the same volume, and θ and φ are the polar
angles with respect to an arbitrary coordinate set. By the requirement of volume
conservation, α00 is expected to be zero, which corresponds to a spherical shape. For
λ = 1, it describes the translation of the system as a whole, so α1µ = 0. The non-
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trivial lowest order is λ = 2, which is related to quadruple deformations. Evidence for
higher-order deformations, for example, λ = 3 for octupole deformations and λ = 4
for hexadecapole deformations, has been observed. Note that many of the coeﬃcients
αλµ vanish when symmetries are present, for example, αλµ 6=0 if there is axial symmetry
and αodd−λµ if the nucleus has reﬂection symmetry.
For λ = 2, Eq. (2.33) can be rewritten as
R(θ, φ) = R0
[
1 +
2∑
µ=−2
α2µY2µ(θ, φ)
]
. (2.34)
Two of these ﬁve variables α2µ (µ = −2,−1, 0, 1, 2) vanish and the rest correspond to
the Euler angles in the laboratory frame. That is, α21 = α2−1 = 0, α22 = α2−2, and
α20 is independent. Thus, Eq. (2.34) becomes
R(θ, φ) = R0
{
1 + α20Y20(θ, φ) + α22
[
Y22(θ, φ) + Y2−2(θ, φ)
]}
. (2.35)
In general, the physical picture of the system is more conveniently expressed in terms
of two variables β2 and γ for α20 and α22, where
α20 = β2 cos γ, (2.36)
and
α22 =
1√
2
β2 sin γ. (2.37)
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prolate
oblate
Triaxial
Figure 2.5: Various nuclear shapes in the (β2, γ) plane. Taken from Ref. [11].
It is obvious that
∑
µ
α22µ = β
2
2 . (2.38)
Therefore, the parameter β2, related to the quadrupole deformation, is a measure of
the deviation of the nuclear shape from sphere. The larger β2 is, the more quadrupole
deformation a nucleus has. Since α22 =
1√
2
β2 sin γ vanishes for the axially symmetric
quadrupole deformation, the parameter γ describes the departure from axial symme-
try. Further, for axially symmetric shapes, the only remaining αλ0 can be simpliﬁed as
αλ0 = βλ. Without going into details, it is known that in the (β2, γ) plane γ = 0−60◦
is suﬃcient to describe all ellipsoidal shapes. The diﬀerent 60◦ sectors only corre-
spond to a diﬀerent labeling of the three principal axes. The z-axis is chosen as the
symmetry axis here. The nucleus is a prolate ellipsoid for γ = 0◦ or an oblate ellipsoid
for γ = 60◦. If 0◦ < γ < 60◦, the nucleus is expected to be triaxial with maximum
triaxiality at γ = 30◦. The observation of nearly maximum triaxiality in 115Rh will be
presented in Chapter IV. Figure 2.5 gives a straightforward illustration of the nuclear
shapes related to the diﬀerent γ sectors.
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Note that some literature do not introduce the parameter γ, but assume that the
parameter β can be either positive or negative for axially symmetric nuclei. In this
case, the positive β corresponds to prolate while the negative to oblate. In addition,
one can obtain the relationship between β and the electric quadrupole moment in
quadrupole deformations as
Q0 ≈ 3√
5pi
eZR20β. (2.39)
Therefore, the nucleus is prolate (or oblate) if its Q0 is positive (or negative).
The Q0 is called the intrinsic electric quadrupole moment, to diﬀerentiate the
experimental (or laboratory) electric quadrupole moment Q, which can be measured
experimentally. In the uniﬁed model, the relationship between these quantities is
expressed as
Q(I) =
3K2 − I(I + 1)
(I + 1)(2I + 3)
Q0 (2.40)
for diﬀerent levels with spins I. The Q0 can be derived form the B(E2) value by
Q0 =
[16pi
5
B(E2)
] 1
2
. (2.41)
Another interesting shape is related to the reﬂection asymmetry where the coeﬃ-
cients αλµ with odd-λ do not vanish. The lowest order of λ for this case is λ = 3, which
corresponds to octupole shapes. Soon after the nuclear collective model was estab-
lished, low-lying, negative-parity states were observed in even-even Ra and Th nuclei,
where these negative-parity states form bands with spin-parity sequences 1−, 3−, 5−,
· · · . The K quantum number of these bands was found to be K = 0. Along with
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Figure 2.6: Quadrupole-octupole shapes. In all cases, the same axial quadrupole
deformation β2=0.6 is assumed. The four shapes correspond to octupole deformations
with µ = 0, 1, 2, and 3. Taken from Ref. [23].
the fact that their energies are much lower than those expected for two-quasiparticle
states, they were interpreted as octupole vibrations about a spheroidal equilibrium
shape. Since then, theoretical eﬀorts have been made as regards the possibility of
octupole deformations in nuclei through many approaches. The tendency towards
reﬂection asymmetric shapes can be associated with the maximum ∆N = 3 octupole
coupling between the intruder sub-shell (l, j) and the nearby normal-parity sub-shell
(l − 3, j − 3). One mass region with strong octupole deformations/correlations is
related to Z = 56 (h11/2 ↔ d5/2 coupling) and N = 88 (i13/2 ↔ f7/2 coupling) as
theoretically predicted [22] and is one topic of interest in the present work discussed
in Chapter VII. A few examples of nuclear shapes with λ = 3 are shown in Fig. 2.6.
The nuclear electric dipole moment D is used to measure the shift between the
center of charge and the center of mass of the nucleus. For a reﬂection symmetric
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nucleus, it is equal to zero. However, a large static D may arise in a reﬂection
asymmetric system. Here, we use D0 because the discussion is restricted to an axially
symmetric system, where the other two components vanish. Assuming the strong-
coupling limit and axial shape, there is a simple, approximate relationship between
D0 and Q0
D0 =
√
5B(E1)/16B(E2)×Q0, (2.42)
because both the ratio of B(E1) and B(E2) and Q0 are easily measured experimen-
tally. The D0 is a very important quantity in the studies of nuclear structure related
octupole deformations/correlations. More information will be given in Chapter VII.
A new quantum number needs to be introduced for a reﬂection asymmetric system,
namely the simplex quantum number, s. Simplex has properties similar to those of
the signature quantum number. Without going into details, one obtains two sets of
doublet bands with the spin-parities as
s = +1, Ipi = 0+, 1−, 2+, 3−, · · · and s = −1, Ipi = 0−, 1+, 2−, 3+, · · · (2.43)
for reﬂection asymmetric, even-A nuclei, and
s = +i, Ipi =
(1
2
)+
,
(3
2
)−
,
(5
2
)+
, · · · and s = −i, Ipi =
(1
2
)−
,
(3
2
)+
,
(5
2
)−
, · · ·
(2.44)
for reﬂection asymmetric, odd-A nuclei.
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CHAPTER III
EXPERIMENTAL TECHNIQUES
In this chapter, a few topics of experimental technique that are related to the
current experiments are addressed.
3.1 The spontaneous ﬁssion of 252Cf
Many nuclear properties have been known by investigating γ-rays emitted from
nuclei in excited states. There are several methods to produce nuclei in excited
states. One way is the β decay of a nucleus to populate excited states in its daughter
nucleus. However, only low-lying levels are populated through the β decay. In order
to study high-spin structures of nuclei, nuclei can be produced in heavy-ion induced
reactions. However, nuclei produced via reactions of that kind are proton-rich but
not neutron-rich (less or more neutrons, respectively, than the stable isotopes of
the element). Neutron-rich, especially very neutron-rich nuclei are quite diﬃcult to
populate, especially in high-spin states. The current major way to produce neutron-
rich nuclei is through the ﬁssion process, either the induced fusion-ﬁssion or the
spontaneous ﬁssion of some very heavy isotopes. Therefore, studies of nuclei from
the spontaneous ﬁssion process provide a key approach to know the structures of
neutron-rich nuclei.
Two spontaneous ﬁssion sources have been used to study neutron-rich nuclei. They
are 248Cm and 252Cf [24]. The present work is obtained by examining the experimental
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Figure 3.1: A scheme of the binary spontaneous ﬁssion process of 252Cf.
data obtained from the spontaneous ﬁssion of 25298 Cf. During the spontaneous ﬁssion
of a 252Cf source, the primary ﬁssion fragments evaporate some neutrons to form the
secondary fragments right after the splitting of the parent nucleus. These secondary
fragments are usually in very excited states and emit γ-rays promptly. The ﬁrst two
steps occur very quickly, within 10−20 to 10−15 seconds. The evaporation of neutrons
can take most of excitation energies, but only a small quantity of angular momenta of
the primary fragments. As the neutron evaporation becomes energetically impossible,
the prompt γ-ray emission takes over. The emission will eventually lead the secondary
fragments to their ground states or isomeric states with a lifetime much greater than
the time-scale of the ﬁssion process, relatively considered to be stable. A scheme is
given in Fig. 3.1 to demonstrate the spontaneous ﬁssion process of 252Cf. Though
ternary ﬁssion is possible to occur where light charged particles are emitted with two
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primary fragments, its probability is down over two order of magnitude. So one only
has to deal with the binary ﬁssion in most cases, as presented in Fig. 3.1.
Figure 3.2: Mass-number yields Y (A) vs mass number A from the experiment (),
the A′p model (—) and Rider’s mass-number yields (· · · ). Taken from Ref. [25].
The asymmetric breakup of 252Cf produces nuclei into two mass regions, as shown
in Fig. 3.2. Thus, each binary ﬁssion event of 252Cf produces a complimentary pair
of one heavy and one light fragment. Because of no individual proton emitted in
the process, the same pair of two nuclei, whose proton numbers add up to 98, is
always formed in the ﬁssion process, for example, Mo (Z = 42) with Ba (Z = 56), Tc
(Z = 43) and Cs (Z = 55), Ru (Z = 44) with Xe (Z = 54), and Rh (Z = 45) with I
(Z = 53). Therefore, γ-rays from a nucleus are not only coincident with γ-rays from
itself but also with those from its ﬁssion partners in the coincidence measurement.
This is a double-edged sword during analysis of data from the spontaneous ﬁssion
of 252Cf. On the one hand, for identifying transitions in an unknown nucleus, the
known transitions in its partner isotopes can provide evidence. On the other hand,
the existence of partner isotopes makes the data analysis more diﬃcult because more
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than 150 nuclei are populated in the spontaneous ﬁssion of 252Cf and each secondary
fragment may give oﬀ up to 100 transitions. Overlap in transition energies occurs to
obscure the signatures of the nucleus of interest.
3.2 γ-ray detection
The measurement of γ-ray energies and intensities is the major way to obtain
information about the nuclear structure in a nucleus, especially in high-spin states.
High-spin states decay rapidly to the ground states or isomers mostly by emitting γ-
rays. Basically, one needs to consider two physical processes for γ-ray detection. One
is the interaction between the incident γ-rays and the atoms of the detector material,
which excites a great amount of atomic electrons from their atomic orbitals. The
other is the collection of the free electrons and transformation of these electrons into
a measurable electrical signal with a magnitude proportional to the incident γ-ray
energies.
3.2.1 Interaction with matter
When passing through matter, γ-rays ionize by three main processes: the photo-
electric eﬀect, the Compton scattering, and the pair production .
The photoelectric eﬀect is the case where a photon interacts with and transfers its
energy to an atomic electron and then knocks out that electron from the atom. The
kinetic energy of the so-called photo-electron is equal to the diﬀerence between the
incident γ-ray energy and the binding energy of the corresponding atomic electron.
The photoelectric eﬀect is the dominant energy loss mechanism for photons of energies
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smaller than 50 keV, while it is much less important for γ-rays of higher energies.
The Compton scattering is an interaction where an incident γ-ray loses enough
energy to an atomic electron to cause its ejection by the collision. The scattered
photon has less energy and an emission direction diﬀerent from that of the incident
one. If the new photon has enough energy, more collisions may occur. The Compton
scattering is the principal absorption mechanism for γ-rays of energies 100 keV to 10
MeV. The γ-rays obtained from the spontaneous ﬁssion of 252Cf usually have energies
from a few keV to a few MeV. So, these γ-rays lose their energies mainly through the
Compton scattering.
The pair production becomes possible when the photon has an energy more than
1.02 MeV and is very important as an absorption mechanism when the energy of
a photon exceeds about 5 MeV. During the interaction with the electric ﬁeld of a
nucleus, the energy of the incident γ-ray is converted to create an electron-positron
pair, whose equivalent rest mass is equal to 1.02 MeV. The remaining γ-ray energy
becomes the kinetic energies of the electron-positron pair and the recoil nucleus. The
generated positron cannot exist individually and it interacts with a free electron to
produce two γ-rays each of which has an energy of half of 1.02 MeV. This process is
also called annihilation.
3.2.2 Gammasphere
Nowadays, modern germanium crystals, which are semiconductor materials, are
widely used for γ-ray detection. They have advantages in detecting γ-rays, including
excellent energy resolution and detection eﬃciency. The energy resolution is of par-
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ticular importance for experiments which produce a lot of γ-rays of similar energies.
One example of such experiments is the spontaneous ﬁssion of 252Cf. High purity
germanium (HPGe) detectors can provide the best energy resolution. The photons
can create electron-hole pairs by exciting electrons when passing through the semi-
conductor crystals. If these electrons have suﬃcient energies, they can subsequently
produce other electron-hole pairs as well. If a bias voltage is applied to the crystals,
the charges can be collected as signals which are proportional to the energies of γ-rays
deposited in the crystals. Thus, very large amounts of charges will be produced and
collected as a measure of the corresponding γ-ray energies. The energy resolution of
the HPGe crystals is around 2 keV when measured at the full width at half maximum
of a 1.33-MeV γ-ray.
As mentioned in Subsection 3.2.1, the Compton scattering is the main interaction
for photons of energies 100 keV to 10 MeV, which is normally the energy range of
γ-rays of interest in the present experiment. It is possible for the photon to escape
from the detector without depositing its entire energy in the detector crystal. Then,
a signal of lower energy is produced because not all energy of this photon is collected
by the detector. In practice, any event where the incident γ-ray escapes from the
Ge crystal is not a desirable event because it adds to the background of the γ-ray
spectrum. One good solution to this problem is to use suppression shields which
detect the escaped γ-rays and thus tell the control system to deliberately ignore
the corresponding energy signal from the Ge crystal. A common material used for
this purpose is a scintillator Bismuth Germanate (Bi4Ge3O12), known as BGO for
short. This technique is called Compton suppression. It is not necessary for such a
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scintillator to have a good energy resolution because it is only used to veto events.
The anti-Compton eﬀect dramatically increases the peak-to-total ratio without losing
the photopeak statistics.
There are three key factors which are required to be improved for better γ-ray
detection: energy resolution, detection eﬃciency, and granularity. The solution to
maximize them is to use advanced detector arrays of HPGe detectors. If over a
hundred individual Ge detectors are arrayed in a sphere to surround the target area,
a large detection solid angle, and thus improved detection eﬃciency can be obtained
because of increased solid angle. An array of Ge detectors covering the target area is
also able to separate multiple individual events to increase granularity. One state-of-
the-art example of such arrays is the so-called GRETINA.
The Gammasphere detector array, which was completed in 1995 at Lawrence
Berkeley National Laboratory, consists of 110 individual co-axial HPGe/BGO de-
tector modules. Each Ge detector has a BGO suppression shield plus a cylindrical
BGO back-plug behind the detector. The detector system is kept cool using a liquid
nitrogen delivery system. The target-to-detector distance of this array is 25.25 cm.
The total solid angle covered by Gammasphere is 47% of 4pi with full 110 detectors.
Its total photopeak eﬃciency is 9.9% and peak-to-total ratio is 0.6% for 1.33-MeV
γ-rays. And the energy resolution is 2.5 keV for 1.33-MeV γ-rays. All of these prop-
erties of Gammasphere are very good for γ-ray detection and make it one of the most
advanced γ-ray detection systems.
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3.2.3 The coincidence method
The application of the coincidence method in our present experiment is a key
because more than 3000 γ-rays are produced in the spontaneous ﬁssion of 252Cf and
the γ-ray spectrum seems extremely complex, without further conditions. In any
single γ-ray gate, one sees not only the transitions in coincidence with this γ-ray in
this nucleus, but also all the transitions from its up to ten diﬀerent partners, along
with many other random coincidence transitions. To eliminate most of the γ-rays
that do not belong to the isotope of interest, the triple-coincidence technique was
employed.
The principle of the coincidence method is to measure the “simultaneous” emission
of more than one radiation, for example, a β-ray and a γ-ray or two γ-rays in the
double coincidence and three γ-rays in the triple coincidence, with the help of two
more detectors and a coincidence electric circuit for measuring the simultaneity of
these events within a resolving time window. All events that occur within this time
window count as coincidence events. In the present experiment, the time window
is expected to be about 200 ns and any three or more events detected in this time
period trigger the circuit to record a count. For example, if three γ-rays of energies
E1, E2, and E3 are detected within the time window, a count is added at (E1, E2, E3)
by one with a coordinate of E1 along the ﬁrst energy axis, E2 along the second energy
axis, and E3 along the third energy axis. Every recorded three- or higher-fold event
is thus sorted, building a full γ–γ–γ database. The count N has a relationship as
N(E1, E2, E3) = N(E1, E3, E2) = N(E2, E1, E3) = N(E2, E3, E1) = N(E3, E1, E2) =
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N(E3, E2, E1) because each axis is constructed symmetrically.
We have to admit that this technique can result in a signiﬁcant decrease in the
data statistics. However, the dramatic decrease in the background relative to the
peak height and the elimination of γ-rays associated with random coincidence more
than compensates for this decrease in statistics. Thus, double gating on transitions
in one isotope strongly enhances transitions solely in this isotope though transitions
in its partners appear as well, while double gating on one transition in one isotope
and one in one of its partners can highlight the transitions just in these two isotopes.
3.3 The 2000 experiment
The experimental data used for the present work were obtained from a sponta-
neous ﬁssion experiment performed in November, 2000 for a two-week period with
the Gammasphere detector array at Lawrence Berkeley National Laboratory. A thick
252Cf ﬁssion source with an α-activity of 62 µCi was placed between two 10 mg/cm2
unmagnetized iron foils. All ﬁssion fragments were fully stopped in the iron foils and
thus the need of a Doppler correction for the γ-rays emitted from the ﬁssion frag-
ments was eliminated. The source was surrounded by a 7.62 cm polyethylene ball to
absorb β-rays and conversion electrons, as well as to partially moderate and absorb
ﬁssion neutrons. 101 detectors of Gammasphere were in function in this experiment.
A total of 5.7 × 1011 triple- and higher-fold γ-ray coincidence events were collected.
Raw experimental data were copied onto a RAID disk array for angular correlation
analysis. It is also worth recalling that the low energy cut-oﬀ of the 2000 experiment
is 30 keV.
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It is very important to ﬁnd out energies and relative intensities of γ-ray transitions
as accurately as possible. So the response of the Ge detectors in Gammasphere is
required to be calibrated. Some standard sources, namely 56Co, 133Ba, and 152Eu,
have been used to measure the energy calibration and eﬃciency curves of detectors.
Energies and intensities of γ-rays in those standard sources have been tabulated
in Ref. [26]. The energy calibration for Gammasphere was ﬁtted to a third order
polynomial in the form of
E = a+ bx+ cx2 + dx3, (3.1)
where E is the energy in keV, x is the channel number, and a, b, c, and d are the
coeﬃcients. The ﬁtted values for these coeﬃcients are summarized in Table III.1.
Table III.1: Fitted coeﬃcients of the third order polynomial in energy calibration for
Gammasphere. Taken from Ref. [8].
Coeﬃcient Fitted value
a -6.2734×10−1
b 3.3370×10−1
c -9.0093×10−8
d 4.7999×10−12
The eﬃciency calibration was ﬁtted to the equation as
EFF = exp
[
(A+ Bx+ Cx2)−H + (D + Fy +Gy2)−H
]−1/H
, (3.2)
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where x = log(E/100), y = log(E/1000), E is the energy in keV and A, B, C, D, F ,
G, and H are parameters. The eﬃciency curve of Gammasphere is shown in Fig. 3.3
with the calculated parameters as A =14.1597, B = 9.18559, C = -2.7907, D =
6.36297, F = -0.65056, G = 0.0, and H = 2.09765 [8].
Figure 3.3: Eﬃciency curve of Gammasphere in arbitrary units. Taken from Ref. [8].
3.4 Data analysis
As mentioned in Section 3.3, 5.7× 1011 triple- and higher-fold coincidence events
in more than 150 nuclei with more than 3000 γ-rays were obtained in our 2000 ex-
periment. The huge raw dataset needs to be compressed and analyzed by a certain
software. The RadWare software package is a perfect tool for this purpose.
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3.4.1 RadWare software package
RadWare is a software package for interactive graphical analysis of γ-ray coinci-
dence data ,which was developed by David Radford of the Physics Division at Oak
Ridge National Laboratory. It has been used by many physicists worldwide as they
study the structure of nuclei and analyze the results of their experiments.
A few common RadWare programs are: incub8r (a program to create a compressed
1/6 cube of full symmetry), xmlev (a very powerful program for examining, interpret-
ing, and ﬁtting γ–γ–γ coincidence matrices in cube and deducing level schemes of
excited states of nuclei), gf3 (a general program for spectrum manipulation, ﬁtting,
and analysis), and xmgls (a program to make level scheme plots in RadWare). More
information regarding programs in RadWare can be found on the website of RadWare
at http://radware.phy.ornl.gov/.
A pre-scan of the raw data is required to construct a γ–γ–γ coincidence matrix. A
time window should be set ﬁrst. The time window of 200 ns in the present experiment
is expected to include most prompt coincidences and ﬁlter out the majority of random
events. If a number of transitions are observed and recorded within the time window,
these transitions are expected to form an event. To increase coincidence counts for
our data, events of higher fold than three were unfolded into triple-coincidence events.
The matrix was built symmetrically to increase the data statistics and speed up the
data analysis. It is necessary to project the matrix along one of its axes and then
use the corresponding projection spectrum to make a background spectrum, which
is one input ﬁle for the program xmlev. One has to modify the selected background
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spectrum until the corresponding coincidence spectra are neither with background
over-subtracted nor under-subtracted, especially in either the high-energy or low-
energy region.
3.4.2 Level scheme construction
Studying γ-ray emission and patterns of the γ-ray energies in nuclei allows us to
know spins and parities of excited states, and thus further information of their nuclear
structure. A level scheme of a nucleus usually is chosen to describe and study the
nuclear properties of a nucleus graphically. These levels schemes are important not
only for testing nuclear structure models but also for nuclear technology applications.
A level scheme of a nucleus can tell us the following aspects about the nuclear
properties of this nucleus. They are, but not limited to, the transition energies and
intensities, the level energies, spins, and parities, measurable level half-lives, and level
patterns of depopulations and populations. For example, decay patterns can be used
to propose diﬀerent nuclear shapes. As shown in Fig. 3.4, the presence of a rotational
band with an opposite parity to the yrast band of an even-even well-deformed nucleus
may indicate octupole deformations/correlations in this nucleus.
The identiﬁcation of the γ-ray signatures is the ﬁrst important step to build a
level scheme of a nucleus. The identiﬁcation of a transition is the assignment of this
transition to a particular nucleus, which include the assignments of both the mass
number and the atomic number.
Since more than 150 nuclei are produced in the ﬁssion process of 252Cf and thus
the spectra are extremely complicated, it is quite diﬃcult to fulﬁll this goal using
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Figure 3.4: Illustration of the rotational bands built on the ground and γ-, β-,
and octupole-vibrational states in a well-deformed even-even nucleus. Taken from
Ref. [27].
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only one technique. Therefore, a few analysis techniques, some of which will be
introduced next, are employed together to identify new transitions in a particular
ﬁssion fragment.
In some cases, γ-ray emission does not occur when a nucleus in an excited state
decays to a lower state. Instead, the excess energy of the nucleus is used to eject
electrons, and this process is called the internal conversion. This process is followed
by the emission of atomic x-rays. Since these x-rays act as ﬁngerprints of elements, if
a transition is found to be in coincidence with the characteristic x-rays of a particular
nucleus, the transition can be assigned to this isotope.
One can also rely on previously known experimental results. It is hard to assign
transitions to a nucleus without any known γ-ray transitions in this nucleus. If there
is any experiment where one or more γ-ray transitions in the nucleus of interest
have been identiﬁed, the situation becomes simple. In many cases, β-decay studies
have been carried out to ﬁnd some low-lying excited levels with the corresponding
transitions. In the experiments of the β-decay studies and heavy ion reactions, mass
separation has been performed to identify a speciﬁc nucleus. It is possible for us to
identify new higher-spin levels in our high statistics data with these known transitions,
by double gating on the known transitions and searching for a self-consistent set of
new transitions that appear in coincidence with the known ones and themselves. For
a well-populated nucleus having a suﬃciently large ﬁssion yield, this procedure can be
simple because a well-gated spectrum shows intense peaks of transitions from higher-
spin levels. However, for very neutron-rich nuclei this procedure may be somewhat
diﬃcult because they have much lower populations in the spontaneous ﬁssion of 252Cf.
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Even worse is that these exotic nuclei may have not been produced by other methods.
Then, one has to rely on the known transitions in the ﬁssion partners of the nucleus
of interest. The prompt γ-ray transitions in the complementary ﬁssion fragments are
considered to be in coincidence with each other. Therefore, in a spectrum gated on
transitions in one nucleus, the transitions from the partner nuclei are expected to show
up along with those belonging to this speciﬁc nucleus. The peaks of these transitions
are less intense than those from the gated nucleus. In principle, all partners produced
in the ﬁssion should be present in the spectrum. One may be able to identify new
transitions in a new nucleus, by double gating on transitions from its diﬀerent ﬁssion
partners. An example will be given in Chapter IV. This method also has an advantage
that one can double-check the assignment of the transitions to a particular isotope
by comparing the intensities with the expected yields for each partner pair in the
spectra gated on its partners.
In most cases, we have to ﬁrmly determine the mass number of the transitions
we have observed. A good way to substantiate a mass number assignment of a
transition to a ﬁssion fragment is to determine the correlated pair yield functions
for its partners because the three- or four-neutron channel generally has the largest
yield [28]. However, it is not feasible to obtain accurate results in this way in some
cases, especially in the present work. This is because how high-spin states in some
odd-odd isotopes decay to their ground states is not clear so far. Thus, an alternative
method, which has been used for our previous work in 137,138Cs [13] and 143,144La [29],
is adopted in the present work, described as follows. We measure the ﬁssion yield
ratios of two partner isotopes of the nucleus of interest in the gates set on transitions
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in this nucleus and its isotopes, and then compare the variation of these ratios with
those of two neighboring isotopes in the gates set on their own partners. More explicit
usage will be given in the corresponding chapters.
Then one can create a level scheme based on the observed transitions to establish
the structure of the nucleus of interest. Once these transitions are placed in order
with respect to each other, we can see and propose the level structure of the nucleus
and understand its behavior in terms of the relevant nuclear model.
It is worth mentioning that the transitions in a cascade should be in coincidence
with each other, but the transitions belonging to another cascade parallel to the
former should not appear in the spectra gated on the transitions from the former
cascade. These parallel cascades form multiple excitation bands of the nucleus if they
belong to the same isotope. So, we may observe several parallel bands in a nucleus
in addition to the yrast band, where the levels have the lowest energies for each spin.
We may be able to see crossings between these bands giving further evidence for the
existence of the parallel bands.
The relative intensities of the γ-ray transitions also give us the clues to place
these transitions in the level scheme. In the spontaneous ﬁssion of 252Cf, a nucleus
populated at high spin decays to the lower levels on the way to the ground state.
So the transitions at lower-spin members in the same band are stronger. We can
compare the relative intensities of the upper transitions by double gating on the
lower transitions and then determine their locations in a cascade. The transitions
in the side-bands appear to be less intense than those in the yrast band in a given
nucleus. Systematics of the nuclear level schemes of neighboring nuclei of the speciﬁc
50
nucleus and their decay patterns can also help us place the observed transitions in
right order.
The next step is to assign the spin-parities (Ipi) to the levels in the level scheme.
This is not an easy procedure. In most cases, the spin-parity of the ground state
can be known from the theoretical predictions based on the shell structure, direct
measurements, or nuclear systematics. If we know the multipolarity of the transition
decaying to the ground state, we are able to assign the spin-parity to the level that
this transition depopulates, on the basis of the spin-parity selection rules mentioned
in Subsection 2.1.1. One direct way to know the multipolarity of a transition is to
measure its total internal conversion coeﬃcient (αT) and compare the experimental
value with theory. We have used this method to determine the spin-parities of the
levels connected by low-energy transitions. The αT of a low-energy transition can be
measured from the intensity balance in and out of the state where the transition feeds
or decays, by double gating on other two transitions in the same cascade. Systematics
are also very useful to assign the spin-parities to the excited states in a nucleus by
comparing its level pattern with those of its neighboring isotones and isotopes or the
corresponding nuclei in other mass regions, if they bear a remarkable likeness in their
level patterns.
Another way to know the multipolarity of a transition is to measure its angular
correlations with other coincidence transitions. As mentioned in Subsection 2.1.1,
we are capable of knowing the diﬀerence in parities of the levels connected by a
given transition from its other nuclear properties, though angular correlation analysis
involving this transition is only able to assign the spins to the levels. A program
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reported in Ref. [30] was newly developed by our group to perform γ–γ angular
correlation analysis with our Gammasphere data.
3.4.3 Angular correlation and g-factor measurements
Our high statistics data and the space structure of Gammasphere make it possible
for us to carry out angular correlation measurements. At its full capacity, Gamma-
sphere is composed of 110 HPGe detectors, corresponding to 5995 unique detector
pairs. These detectors are placed at seventeen diﬀerent azimuthal angles and sixty
various polar angles. For each azimuthal angle, there are ﬁve to ten detectors placed
symmetrically with respect to the polar angle. Because of the symmetries of Gam-
masphere, the angle between any two detectors will be one of only sixty-four possible
values, and each of these sixty-four angle bins has many pairs of detectors. For this
experiment, only 101 detectors were in function, so the number of detectors in each
bin is slightly less than if Gammasphere was at its full capacity. The sixty-four angle
bins are composed of detector pairs sharing the same central angle. After the relative
intensity of each angle bin is found, the experimental A2 and A4, the two quantities
for angular correlation analysis mentioned in Section 2.1.1, can be obtained by ﬁt-
ting the distribution to the function given by Eq. (2.13). In practice, sixty-four data
points are too much for a fourth order polynomial ﬁt as in Eq. (2.13), so the bins
were further combined into seventeen. After each of the sixty-four histograms has
been ﬁtted to ﬁnd the intensity of the peak of interest, the data is further binned by
properly adding these numbers. The bin response function, the bin eﬃciency, and
the solid angle correction are taken into account as well in the ﬁtting procedure.
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More information on this method as regards the solid-angle correction, the data
sorting, the relative detector eﬃciencies, and the response function of the Gammas-
phere and the details of the ﬁtting procedure can be found in Refs. [8, 30, 31].
As mentioned in Section 3.3, the ﬁssion fragments were implanted and stopped
in a ferromagnetic material (the iron foils) where they were subject to the hyperﬁne
ﬁelds (BHF) caused by their implantation in substitutional sites in the iron lattice. It
becomes possible for us to carry out angular correlation measurements to determine
the g-factors of the “long-lived” states by using the integral perturbed angular cor-
relation (IPAC) technique [4]. For an intermediate nuclear state with a lifetime τ ,
the spin vector of this nucleus will rotate about BHF over the lifetime of this state,
with a rotational frequency proportional to BHF and the g-factor of this state. For
our experiment, the magnetic domains in the iron foils, which were not cooled and
not aﬀected by any external ﬁeld, remained randomly oriented. Then, the net result
of the rotation of the implanted nucleus about the randomly oriented hyperﬁne ﬁelds
(BHF) is an attenuation of the expected angular correlation. This is the basic idea of
the IPAC technique for the g-factor measurement.
If the lifetime of the state that interacts with BHF is much longer than the stopping
time (a few picoseconds), the angular correlation will be attenuated. Therefore, the
angular correlation function W (θ) becomes
W (θ) = 1 + Atheory2 (δ)G2P2(cosθ) + A
theory
4 (δ)G4P4(cosθ) (3.3)
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where G2 and G4 are the attenuation factors, deﬁned as
Gk =
Aexpk (δ)
Atheoryk (δ)
. (3.4)
The attenuation factor Gk is related to the Larmor precession frequency ωL and the
lifetime τ by [32]
Gk =
1
2k + 1
(1 + 2
k∑
q>0
1
1 + q2φ2
), (3.5)
where the angle of precession φ is related to the Larmor precession frequency ωL and
the lifetime τ by
ωL =
φ
τ
=
µNgBHF
~
. (3.6)
In these equations, the subscript k is the same as that in Eq. (2.9), g is the nuclear
g-factor, BHF is the nuclear hyperﬁne ﬁeld in iron, and µN is the nuclear magneton.
The Atheory2,4 can be calculated for various values of the mixing ratio for a given
spin sequence with the Wigner 3-j and 6-j coeﬃcients, as outlined and tabulated in
Refs. [3, 5]. With these theoretical values, the attenuation factor Gk is found by
measuring Aexpk , and then using Eq. (3.4). The g-factor of the state can be extracted
by solving Eqs. (3.5) and (3.6) as
|g| = ~φ
µNBHFτ
. (3.7)
It is worth noting that φ, proportional to the product gBHFτ , needs to be within
certain limits for the present method to be applicable. If φ is very small, the angular
54
correlation will not be attenuated; if φ is quite large, then Gk will approach their
asymptotic limits of G2 =
1
5
and G4 =
1
9
, as indicated in Eq. (3.5), with no useful
information for the g-factor measurements. Because only φ2 can be obtained from
Eq. (3.5), our method can measure only the magnitude, but not the sign of the
g-factor.
In iron, hyperﬁne ﬁelds are of the order between 10 and 100 Tesla and typically g-
factors for states with lifetimes from a few hundred picoseconds to a few nanoseconds
can be measured by the IPAC technique with the source/foil arrangement used in the
present work. For the excited states with a much shorter lifetime, but still longer than
the stopping time, it is assumed that the angular correlations will not be perturbed
and no attenuation will be observed. To obtain the nuclear g-factor from the angular
correlation attenuation, the hyperﬁne ﬁeld needs to be known. Our previous reports
on this method [14, 33, 34] show that the hyperﬁne ﬁelds were not aligned and that
no signiﬁcant electric ﬁelds were generated by radiation damage in the foils. The
compilation by Rao [35] is a useful, though somewhat outdated, source of the BHF
values.
Because of the extremely large number of γ-rays in our ﬁssion experiment, some
additional coincidence gates can be applied to the angular correlation of interest for
better selectivity. In the present work, it is not necessary to use additional gates
in some cases because the coincidence spectrum is relatively clean for transitions of
energies > 1 MeV. Most of the correlations for the N = 83 isotones are unattenuated
because of their large transition energies as reported in Chapter VI.
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CHAPTER IV
TRIAXIALITY IN THE A = 110 REGION: LEVEL STRUCTURES OF 114,115Rh
4.1 Introduction
The Z = 45 neutron-rich Rh isotopes are ﬁve protons below the 50 proton closed
shell and midway between the 50 and 82 neutron major shells, a region where nu-
clei are characterized by shape coexistence and shape transitions, including triaxial
shapes [36]. In this region, the active proton orbitals, near the top of the pig9/2 sub-
shell, drive the nuclear shape towards oblate deformations, while the neutron Fermi
levels, below or near the bottom of the νh11/2 sub-shell, drive the shape to prolate
deformations. These tendencies have been observed in the yrast bands of odd-Z and
odd-N nuclei which are built on the pig9/2 and νh11/2 orbitals. Shape coexistence and
transitions in even-Z nuclei in this region have been studied [24]. The proton orbitals
originating from the g9/2 sub-shell are inﬂuenced by the triaxial nuclear deformation.
The appearance of triaxial deformations and soft shape transitions were found in
nuclei of Z ≥ 42 [24, 37]. Our systematic studies of neutron-rich odd-Z isotopes of
Y, Nb, Tc, and Rh (Z = 39, 41, 43, 45) indicated a shape transition from an axially
symmetric shape with very large quadrupole deformations in 99,101Y to an axially
asymmetric shape with large triaxiality in 107,109,111Tc and 111,113Rh isotopes [38–41].
Because of the deformations driven by N ≈ 60 neutrons (νh11/2), several proton
sub-shells are near the Fermi levels and may play a role in the odd-Z nuclei with A ≈
110. Rotational bands built on pig9/2, pip1/2 and pi(g7/2/d5/2) sub-shells were found in
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odd-even 107−113Rh [41–43]. In our previous studies on Rh isotopes, calculations with
a rigid-triaxial-rotor-plus-quasiparticle (RTRP) model provided a reasonable ﬁt to the
excitation energies and branching ratios in the pig9/2 yrast bands and the collective
yrare bands and to the signature splitting in the pig9/2 yrast bands of
111,113Rh at near-
maximum triaxiality with γ = 28◦ [41]. The yrare bands built on the 11/2+ state
also provided evidence for triaxiality in these nuclei. It is of interest to extend our
knowledge of the structures of Rh isotopes to the more neutron-rich 114,115Rh. Low-
lying states in these two isotopes were observed in β-decay studies and reported in
Refs. [44] and [45], respectively. However, there has not been any report on high-spin
states in 114,115Rh before this work.
The odd-odd Rh isotopes are of great interest in that a remarkable similarity in
high-spin, negative-parity states was seen through a large range of neutron numbers
from 59 (104Rh) to 67 (112Rh) [41,46–50]. The spin-parity of the band-head is 6− with
a 7− intermediate state from N = 59 to N = 65 and then the band-head becomes
7− in 112Rh. The ∆I = 1, negative-parity yrast bands originating from the coupling
of a proton in the g9/2 orbital with a strongly aligned h11/2 neutron occur at low and
moderate excitations in odd-odd Rh isotopes. The level scheme of 114Rh shows the
same structure as the light Rh isotopes and the level scheme is proposed to be built
on a 7− excited state from the systematics of the odd-odd Rh isotopes. The signature
inversion of the yrast bands of 106,112,114Rh is observed to occur at 10.6 ~ for 114Rh,
12.5 ~ for 112Rh, and 13.7 ~ for 106Rh.
For 115Rh, the yrast and yrare bands are observed. Spin-parity assignments are
proposed for the observed levels based on the systematics of the odd-even Rh isotopes.
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Though odd-even 109−113Rh isotopes show back-bending which was argued to be the
result of alignment of an h11/2 neutron pair [41], the level scheme of
115Rh is not
observed to suﬃciently high spins to show this phenomenon. Calculations based on
the RTRP model for 115Rh have been carried out and compared with the experimental
data. Preliminary results favor a triaxial shape with β2 = 0.26 and γ = 28
◦ in 115Rh.
4.2 Experimental results
114,115Rh are too neutron-rich to be produced by heavy-ion reactions to study their
high-spin states. However, according to theoretical predictions of ﬁssion yields in the
spontaneous ﬁssion of 252Cf [25], the suﬃciently large ﬁssion yields of 114,115Rh make it
possible to observe excited states in these two isotopes in our high statistics database.
The basic idea to identify new transitions in an unknown nucleus is by double
gating on transitions in its partner isotopes and comparing the ﬁssion yields, as
mentioned in Subsection 3.4.2. The ﬁssion partners of 114,115Rh are I isotopes, namely
133−136I [51–54].
In particular, one should recall that the transition energy overlap occurs in some
neighboring isotopes which makes it more diﬃcult to identify and assign new tran-
sitions in the spectra observed by gating on transitions in their partners. There are
several examples, such as the 192.4-keV transition in 104Mo [55] and the 193.1-keV
transition in 108Mo [56], the 242.0-keV transition in 108Ru and the 240.8-keV transi-
tion in 110Ru [57], the 159.3-keV transition in 110Rh and the 159.2-keV transition in
112Rh [41], and the 211.7-keV transition in 111Rh and 113Rh [41]. The level schemes of
114,115Rh established in the present work are shown in Figs. 4.1 and 4.2, respectively.
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One clearly sees that the strongest transitions of energies 211.2 keV in 114Rh and
213.3 keV in 115Rh overlap and are also severely masked by the strongest 211.7-keV
transition in 111Rh and 113Rh whose ﬁssion yields are much larger than those of 114Rh
and 115Rh. This may be why high-spin states in either 114Rh or 115Rh have not been
observed for a long time, though the ﬁssion yields of 114Rh and 115Rh make it possible
for us to ﬁnd them in our high statistics data. This means that one highlight of the
present work is the separation of the four peaks, the 211.7 keV in 111,113Rh, the 211.2
keV in 114Rh, and the 213.3 keV in 115Rh, in the spectra with gates set on transitions
in their partner I isotopes.
Figure 4.1: The new level scheme of 114Rh. Energies are in keV. All transitions are
newly observed.
The identiﬁcations of the transitions in 114,115Rh are based on extensive cross-
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Figure 4.2: The new level scheme of 115Rh. Energies are in keV. All transitions are
newly observed.
checking of the coincidence relationships and relative transition intensities with those
of the complementary ﬁssion fragments 133−136I, and with the relevant transitions in
114,115Rh as well. Careful background subtractions are always performed to eliminate
possible accidental coincidences. To show how new transitions in 114,115Rh are iden-
tiﬁed, several coincidence spectra are created, by double gating on strong transitions
in the 133−135I isotopes and new ones assigned to 114,115Rh.
Two spectra are obtained by double gating on two transitions in 134I and 135I,
respectively, as shown in Fig. 4.3. Three new transitions of energies 195.9, 247.7,
and 278.1 keV are seen in both spectra, along with those previously known strong
transitions in 111,112,113Rh [41, 43]. Let us ﬁrst double gate on the new 195.9-keV
transition in Fig. 4.3 and on a strong transition in 134I (952.4 keV) and one in 135I
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(1133.8 keV), as shown in Fig. 4.4 (a) and (b). In Fig. 4.4 (a) and (b), three new
transitions of energies 211.2, 264.1, and 297.5 keV are seen. Though the transition
of energy 232.3 keV in 113Rh is also seen in Fig. 4.4 (a) and (b), it is doubtful
that the new transition of energy 211.2 keV is the same as the transition of energy
211.7 keV in 113Rh. By comparing Fig. 4.4 (a) with (c) and Fig. 4.4 (b) with (d),
respectively, where the gates are set on transitions in 134I and 113Rh for Fig. 4.4 (c)
and ones in 135I and 113Rh for Fig. 4.4 (d), one can conclude that the new 211.2-
keV transition is not the one of energy 211.7 keV in 113Rh. Figure 4.5 shows the
spectra, double gated on the new 278.1-keV transition and a strong transition in 134I
(952.4 keV) and one in 135I (1133.8 keV), respectively, which indicate the same new
transition of energy 211.2 keV as in Fig. 4.4 (a) and (b), along with a new transition
of energy 324.5 keV. The following spectra are double gated on the new 278.1- and
324.5-keV transitions, the new 195.9- and 211.2- keV transitions, and the new 195.9-
and 264.1-keV transitions, as shown in Fig. 4.6. These three spectra show the new
transitions and the coincidence relationship among them and those known transitions
in I isotopes (the 912.7-keV transition in 133I, the 952.4-keV transition in 134I, the
288.2- and 1133.8-keV transitions in 135I, and the 1111.8-keV transition in 136I), which
allows us to build the new level scheme of one Rh isotope, as shown in Fig. 4.1.
Now let us turn to the new transition of energy 247.7 keV observed in Fig. 4.3.
Three spectra are obtained by double gating on the 247.7-keV transition and a strong
transition in each of the 133,134,135I isotopes, respectively, as shown in Fig. 4.7. Two
new transitions of energies 213.3 and 242.2 keV are found in these spectra. The
211.7-keV transition in 113Rh and the new 213.3-keV transition form a doublet peak
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Figure 4.3: Coincidence spectra double gated on transitions in 134,135I. Three new
transitions of energies 195.9, 247.7, and 278.1 keV are indicated with an asterisk.
Figure 4.4: Coincidence spectra double gated on the new 195.9-keV transition (see
Fig. 4.3) and the 952.4- (134I) and 1133.8-keV (135I) transitions. Three new transitions
of energies 211.2, 264.1, and 297.5 are marked with an asterisk. The spectra gated
on transitions in 134I and 113Rh, and ones in 135I and 113Rh are shown on the right
side as evidence that the new 211.2-keV transition is not the one of energy 211.7 keV
in 113Rh.
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Figure 4.5: Coincidence spectra double gated on the new 278.1-keV transition (see
Fig. 4.3) and the 952.4- (134I) and 1133.8-keV (135I) transitions. The new transitions
of energies 211.2 and 324.5 keV are marked with an asterisk.
Figure 4.6: Coincidence spectra double gated on the new 278.1- (see Figs. 4.3 and
4.5) and 324.5-keV (see Fig. 4.5) transitions, the new 195.9- (see Figs. 4.3 and 4.4)
and 211.2-keV (see Fig. 4.4) transitions, and the new 195.9- (see Figs. 4.3 and 4.4)
and 264.1-keV (see Fig. 4.4) transitions. All transitions marked with an asterisk are
newly observed.
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in Fig. 4.7 (c) because of the large ﬁssion yield of 113Rh, 4-n ﬁssion partner of 135I.
A careful examination of Fig. 4.3 (a) reveals a shift of the 211.7-keV peak to the
right, which indicates that a new transition of energy about 213 keV should exist
there and this transition belongs to a heavier Rh isotope other than 113Rh. This
transition is conﬁrmed in Fig. 4.7 as the 213.3-keV transition. The spectra gated on
the new 213.3-keV transition and the 912.7- (133I), 952.4- (134I), and 1133.8-keV (135I)
transitions, respectively, clearly demonstrate the coincidence relationship among the
213.3-, 242.2-, and 247.7-keV transitions as well as those in the I isotopes, as presented
in Fig. 4.8. One new transition of energy 489.9 keV, equal to the sum of 242.2 and
247.7 keV, is coincident with the gate transitions. A new transition of energy 386.6
keV is observed in Fig. 4.8, but not coincident with the new 247.7-keV transition,
which indicates that the 386.6-keV transition, in coincidence with the new 213.3-
keV transition and transitions in the I isotopes, may compose another band in this
Rh nucleus. The spectra in Fig. 4.9, double gated on the new 386.6-keV transition
and the 912.7- (133I), 952.4- (134I), and 1133.8-keV (135I) transitions, respectively,
support such an assumption with the observation of the 213.3-keV transition and
two new transitions of energies 338.2 and 401.2 keV, although the latter two are not
very strong. Three spectra created by double gating on the new 213.3- and 247.7-
keV transitions, the new 242.2- and 247.7-keV transitions, and the new 386.6- and
338.2-keV transitions, respectively, as shown in Fig. 4.10, support the coincidence
relationship among the newly observed transitions and the known ones in 133−136I.
These coincidence data enable us to establish the new level of one Rh isotope, as
shown in Fig. 4.2.
64
Figure 4.7: Coincidence spectra double gated on the newly observed 247.7-keV transi-
tion (see Fig. 4.3) and the 912.7- (133I), 952.4- (134I), and 1133.8-keV (135I) transitions.
Two new transitions of energies 213.3 and 242.2 keV are seen and marked with an
asterisk.
Figure 4.8: Coincidence spectra double gated on the new 213.3-keV transition (see
Fig. 4.7) and the 912.7- (133I), 952.4- (134I), and 1133.8-keV (135I) transitions. The new
489.9-, 386.6-, and 438.6-keV transitions are marked with an asterisk. The strongest
212.6-keV transition in 100Zr [58], close to 213.3 keV, leads to the contamination of
the 352.2-keV peak (100Zr) [58] in these spectra.
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Figure 4.9: Coincidence spectra double gated on the new 386.6-keV transition (see
Fig. 4.8) and the 912.7- (133I), 952.4- (134I), and 1133.8-keV (135I) transitions. The new
213.3-keV transition (see Figs. 4.7 and 4.8) is seen. Two new 338.2- and 401.2-keV
transitions are seen. The 295.2-keV transition in 148Ce is a contamination introduced
by the 386.2-keV transition in 148Ce [59] that is close to 386.6 keV.
Figure 4.10: Coincidence spectra double gated on the new 213.3- (see Fig. 4.7) and
247.7-keV (see Fig. 4.3) transitions, the new 247.7- (see Fig. 4.3) and 242.2-keV (see
Fig. 4.7) transitions, and the new 386.6- (see Fig. 4.8) and 338.2-keV (see Fig. 4.9)
transitions. All coincidence transitions marked with an asterisk are newly observed.
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As seen in the above spectra, the transitions in the level schemes shown in Figs. 4.1
and 4.2 are in coincidence with transitions in I isotopes. Therefore, we propose the
level schemes shown in Figs. 4.1 and 4.2 belong to one or two Rh isotopes. A simple
comparison of the relative intensities among the 912.7- (133I), 952.4- (134I), 1133.8-
(135I), and 1111.8-keV (136I) transitions in Figs. 4.6 and 4.10 reveals that the level
schemes belong to two diﬀerent Rh isotopes and the former should be lighter than
the latter. Because the level schemes of 109−113Rh are well known, we propose that
the former level scheme in Fig. 4.1 is of 114Rh while the latter in Fig. 4.2 is of 115Rh.
The most crucial support is from the following measurements to determine the
mass numbers of these transitions. As mentioned in Chapter III, one way to assign
the mass number to transitions in a ﬁssion fragment is to determine the correlated
pair yield functions for the partners because the three- or four-neutron channel gen-
erally has the greatest yield [28]. However, it is not feasible to obtain accurate results
here. This is because how high-spin states in the odd-odd I and Rh isotopes decay to
their ground states has not been clear so far. In addition, the serious overlap caused
by the strong transition of energy 211.7 keV in 113Rh obstructs this method. In the
60.6/183.0- (112Rh), 232.2/240.6- (113Rh), 195.9/264.1-, and 213.3/247.7-keV double
gates, the ﬁssion yield ratios of the 1111.8-keV transition in 136I to the 1133.8-keV
transition in 135I are measured to be 0.55(8), 0.32(4), 0.21(3), and 0.15(2), respec-
tively, as shown in Fig. 4.11. The variation of these ratios is similar to those of 146La
to 145La in the 101−104Nb gates, of 142Cs to 141Cs in the 105−108Tc gates, and of 136I
to 135I in the 110−113Rh gates, as presented in Fig. 4.11. So the mass numbers for
both of the 247.7 → 213.3- and 264.1 → 195.9-keV cascades are above 113 and the
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former is larger than the latter. Therefore, we conclude that the 247.7 → 213.3-keV
cascade is in 115Rh and the 264.1→ 195.9-keV cascade in 114Rh after considering the
fact that the ﬁssion yields of 114Rh and 115Rh are much greater than those of other
heavier Rh isotopes in the 252Cf ﬁssion. The same ratios in the new 278.1/324.5-
and 213.3/386.6-keV gates are also measured as 0.22(3) and 0.16(2), respectively,
as shown in Fig. 4.11, which supports the proposal that the 324.5 → 278.1- and
401.2 → 386.6-keV cascades form a side-band in 114Rh and 115Rh, respectively, as
presented in Figs. 4.1 and 4.2. To further conﬁrm this assignment, two additional
plots are given in Figs. 4.12 and 4.13. Figure 4.12 shows the ﬁssion yield ratios of
135I to 134I in the 112−115Rh gates, which keep the same tendency as those intensity
ratios of 136I to 135I in the same gates. The ﬁssion yield ratios of 135I to 133I and 136I
to 134I in the 113−115Rh gates are presented in Fig. 4.13, where the variations of both
are similar. More evidence for our mass number assignments will be discussed in the
next section. Thus, the high-spin level schemes of 114Rh and 115Rh are built for the
ﬁrst time in the present work, as shown in Figs. 4.1 and 4.2, respectively.
In ﬁssion experiments, spin values can be assigned on the basis of internal con-
version coeﬃcients of low-energy transitions and γ − γ angular correlations. The
statistics of our present data for 114,115Rh are too weak to carry out such an analy-
sis. Therefore, as discussed in the next section, the spin-parity assignments shown
in Figs. 4.1 and 4.2 are mainly based upon the assumption that spin values increase
with increasing excitation energies in yrast decays and the analogy with the level
structures of the lighter Rh isotopes and neighboring nuclei.
Because of the overlap of the 211.7-keV transition in 113Rh and the relatively low
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Figure 4.11: Fission yield ratios of 136I to 135I in Rh gates, along with those of
146La to 145La in Nb gates and of 142Cs to 141Cs in Tc gates. Data are taken from
Refs. [38, 39, 41, 53, 54, 60–65] and the present work. A logarithmic scale is used for
the y-axis. The uncertainties are smaller than the symbol size.
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Figure 4.12: Fission yield ratios of 136I to 135I and of 135I to 134I in Rh gates. Data
are taken from Refs. [41,52–54] and the present work. A logarithmic scale is used for
the y-axis. The uncertainties are smaller than the symbol size.
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Figure 4.13: Fission yield ratios of 136I to 134I and of 135I to 133I in Rh gates. Data
are taken from Refs. [41,51–54] and the present work. A logarithmic scale is used for
the y-axis. The uncertainties are smaller than the symbol size.
yields of 114,115Rh in the spontaneous ﬁssion of 252Cf, only the γ branching ratios
for some levels are measured and summarized in Table IV.1 for further discussion,
instead of the relative transition intensities.
Table IV.1: γ branching ratios of some levels in 114,115Rh are given in parentheses
following the corresponding transitions.
Nucleus Level energy (keV) Spin-parity Transition energy (keV)
114Rh 406.9 (9−) 195.9 (100); 406.9 (126)
671.1 (10−) 264.1 (100); 459.9 (39)
968.6 (11−) 297.5 (100); 561.7 (43)
1285.6 (12−) 317.0 (100); 614.5 (84)
115Rh 461.0 (11/2+) 247.7 (100); 461.0 (59)
703.2 (13/2+) 242.2 (100); 489.9 (87)
1141.8 (15/2+) 438.6 (100); 680.8 (24)
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4.3 Discussion and calculations
The high-spin level schemes of 114,115Rh, established here for the ﬁrst time, provide
very useful information for further exploring the structure evolution in the more
neutron-rich region of the Rh isotopic chain. Even though the level schemes of these
two heavier Rh isotopes are not established to very high spins due to their low ﬁssion
yields, we can still obtain some valuable conclusions, which will be discussed next.
4.3.1 114Rh
The ∆I = 1, negative-parity yrast band assigned to 114Rh as displayed in Fig. 4.1,
together with the level schemes built on the pig9/2 ⊗ νh11/2 conﬁguration in lighter
odd-odd 104−112Rh shows a striking similarity that supports a common interpretation
for all bands, as presented in Fig. 4.14. Figure 4.14 shows the level structures of odd-
odd 104−114Rh relative to the 7−state in each nucleus. On the basis of this similarity,
tentative spins and parities are assigned to the states of the yrast band of 114Rh,
as presented in Fig. 4.1. With an assumption that the 278.1-keV transition has
an E2/M1 character, spins and parities are assigned to the levels in the side-band
in 114Rh as well. Note that no such side-band populating the (8−) level has been
observed in the other odd-odd Rh isotopes.
Earlier investigations of odd-odd 100−114Rh in β-decay studies established their
low-lying excited states. The ground states of 100Rh and 102Rh were found to be 1−
and 2−, respectively, and those of odd-odd 104−114Rh were proposed to have a spin-
parity of 1+ [66]. A 5+ isomeric state was seen in 100,104Rh, fed by a transition from a
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Figure 4.14: ∆I = 1, negative-parity yrast bands of odd-odd 104−114Rh associated
with the pig9/2⊗νh11/2 conﬁguration. Level energies are relative to the corresponding
7− state. Data are taken from the present work for 114Rh and Refs. [41, 46–50] for
others.
6+ state while a 6+ isomeric state was found in 102Rh, fed by a transition from a 5+
state [46]. High-spin states of both negative and positive parities in 100,102,104Rh are
built on their isomeric states [46]. A 6+ isomeric state was proposed for 106,112Rh while
a 5+ isomeric state for 108,110Rh [41, 47–50]. Note that no positive-parity, high-spin
level was observed in 106,108,110,112Rh, feeding their isomeric states. It is also interesting
that the 7− state of the ∆I = 1, negative-parity bands of odd-odd 104−112Rh decays
to a 5+ isomeric state through a 6− state or directly to a 6+ isomeric state. It is worth
mentioning that there is no 6− state seen in 112Rh, but its 7− band-head decays to a
6+ isomer. One observes a remarkable likeness between the level structures of 110Rh
and 112Rh relative to the 7− state and their resemblance to the level structure of
114Rh. Therefore, it is reasonable to propose that the present level scheme of 114Rh is
built on a 7− state. However, we have not observed any transition depopulating the
7− state in 114Rh to an isomeric state.
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The signature splitting is a quantity of the diﬀerence of the Routhians (the energy
referring to the rotating coordinate system) between the two signatures of a rotational
band. This quantity can be used as an indicator of the shape of the nucleus. A
signature splitting is expected where a large Coriolis mixing is involved. This is more
pronounced at high spin. Moreover, such an eﬀect can also be found at the bottom
of a rotational band where the Fermi level is located between two orbitals coming
from a high-j sub-shell. A triaxial deformation can also contribute to the signature
splitting, because K is not a good quantum number any longer. Here, the plots for the
signature splitting of yrast bands of odd-odd 108−114Rh and odd-even 107−115Rh are
presented in Figs. 4.15 and 4.16, respectively, where the signature splitting function
S(I) (extremely sensitive to the triaxial deformation parameter γ) is deﬁned as
S(I) =
E(I)− E(I − 1)
E(I)− E(I − 2)
I(I + 1)− (I − 2)(I − 1)
I(I + 1)− (I − 1)I − 1. (4.1)
One sees that the signature splitting of 114Rh as well as of 108,110,112Rh is not as
large as that of 115Rh, which is comparable to those of 109,111,113Rh. This feature
provides additional support for our spin-parity assignments. In the case of 108Rh,
γ = 11◦ reproduces the level pattern better than γ = 23◦ [43], which was successfully
used to interpret the level structure of 107Rh [42]. If we assume that the γ value for
114Rh is similar to that for 108Rh, which is much smaller than the calculated results of
γ = 28◦ for 113Rh and γ = 28◦ for 115Rh, one may reach a conclusion that the triaxial
deformation in 114Rh is not as large as in 115Rh, as in the case of 108Rh and 107Rh.
The side-band feeding the (8−) state in the yrast band is also a sign of the existence of
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the triaxial deformation in 114Rh (see the next subsection for the discussion about the
yrare band). The observation of such a band in 114Rh may indicate that triaxiality
in 114Rh is stronger than estimated from the systematics with γ ≈ 15◦, because one
has not seen the yrare band in 108Rh.
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Figure 4.15: Signature splitting function S(I) for yrast bands of odd-odd 108−114Rh.
Data are taken from Refs. [41, 48–50] and the present work.
Figure 4.15 also exhibits another three striking features: ﬁrst, the signature split-
ting decreases and then increases with increasing spins; second, the signature splitting
is anomalous at low spin; third, the inversion of the signature is observed in 112,114Rh.
The favored signature of the conﬁguration jpi ⊗ jν for high-spin states in an odd-odd
nucleus is expected to be αf =
1
2
[
(−1)jν−1/2 + (−1)jpi−1/2] [67], which gives αf=0 for
the pig9/2 ⊗ νh11/2 conﬁguration in odd-odd Rh isotopes [50]. So, the favored signa-
ture states in odd-odd Rh isotopes have even-integer spins. If the Routhian of the
favored signature is found to lie higher in energy as compared to that of the unfavored
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Figure 4.16: Signature splitting function S(I) for yrast bands of odd-even 109−115Rh.
Data are taken from Refs. [41–43] and the present work.
signature, the corresponding signature splitting is anomalous. In Fig. 4.15, S(I) for
states with even-integer spins are higher than states with odd-integer spins at low
spin in odd-odd Rh isotopes. Thus, the anomalous signature splitting is seen in these
odd-odd Rh isotopes.
To demonstrate the anomalous signature splitting in more detail and ﬁnd the
signature inversion points more distinctly, two additional plots are present here. In
Fig. 4.17, E(I)−E(I−1) (energy diﬀerence) vs spin is plotted for yrast bands of odd-
odd 106−114Rh, which is a simple way to indicate the signature inversion. One clearly
sees the energy diﬀerences of the favored signature partners are larger than those of the
unfavored signature partners in odd-odd 106−114Rh at low spin. The energy diﬀerences
of the unfavored signature partners rise above those of the favored signature partners
at some spin for 106Rh, 112Rh, and 114Rh, where the signature inversion occurs. After
that, the signature splitting becomes normal and the anomalous splitting disappears.
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The inversion points for 106Rh, 112Rh, and 114Rh are seen to be 13.7 ~, 12.5 ~, and
10.6 ~, respectively, as indicated in Fig. 4.17. Though levels in 108Rh and 110Rh
were not identiﬁed suﬃciently high to ﬁnd such points, we can still predict them
according to the data of 108Rh and 110Rh shown in Fig. 4.17. The values of both
points for 108Rh and 110Rh seem to be larger than 13 ~ and smaller than 14 ~,
while the value for 108Rh is greater than that for 110Rh. To be more exact, one
can estimate the spin point for 108Rh as 13.5 ~ and that for 110Rh as 13.2 ~. It is
very interesting to ﬁnd that the signature inversion points decrease with increasing
neutron numbers in these odd-odd Rh isotopes. The same trend is followed in odd-
odd 108−116Ag as well, as shown in Fig. 4.18, where the inversion points for 108Ag,
110Ag, and 116Ag are indicated to be 14.4 ~, 12.7 ~, and 11.8 ~, respectively. In
Fig. 4.18, one may also estimate the inversion point for 112Ag larger than 116Ag and
smaller than 110Ag, though it is somewhat diﬃcult to estimate that for 114Ag. The
interpretation of this observation will be discussed below. Interesting systematics can
be seen in Figs. 4.17 and 4.18 that E(I)−E(I− 1) (energy diﬀerence) monotonically
decreases with increasing neutron numbers for the favored signature partners in both
Rh and Ag isotopes. Another useful plot in odd-odd 106−114Rh is given in Fig. 4.19,
where ∆E =
[
E(I) − E(I − 1)] − 1
2
{[
E(I + 1) − E(I)] + [E(I − 1) − E(I − 2)]}
vs spin is shown. In this ﬁgure, it is easier and clearer to determine the signature
inversion points for 106Rh, 112Rh, and 114Rh as the values proposed above. From the
above mentioned, we conﬁrm the proposal in Ref. [43] that the anomalous signature
splitting does not persist for spin values greater than 14 ~ in 106,108Rh. Note that
only the study of a particular conﬁguration jpi ⊗ jν along a wide isotopic chain can
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lead to such information.
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Figure 4.17: E(I) − E(I − 1) (energy diﬀerence) vs spin is used to indicate the
signature inversion of yrast bands of odd-odd 106−114Rh. The signature inversion is
observed in 106Rh, 112Rh, and 114Rh. Open and solid symbols are for the favored and
unfavored signature states, respectively. Data are taken from Refs. [41, 47–50] and
the present work.
The observation of the anomalous signature splitting and the signature inversion
is a common feature in many mass regions. In all cases, the normal signature splitting
is achieved above a certain spin value, which depends on the nucleon numbers. The
mechanism of the signature inversion has been studied in various theoretical frame-
works, giving diﬀerent explanations. Some of them involve the same grounds as in the
odd-A cases, such as the inﬂuence of triaxial shapes or the particular locations of the
two Fermi levels among the orbitals originating from high-j sub-shells for axial shapes.
Moreover, a signiﬁcant residual proton-neutron interaction in the particle-plus-rotor
model with an axially symmetric core can also induce an anomalous signature split-
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Figure 4.18: E(I) − E(I − 1) (energy diﬀerence) vs spin is used to indicate the
signature inversion of yrast bands of odd-odd 108−116Ag. The signature inversion is
observed in 108Ag, 110Ag, and 116Ag. Open and solid symbols are for the favored and
unfavored signature states, respectively. Data are taken from Refs. [48, 49, 68].
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Figure 4.19: ∆E vs spin is plotted to indicate the signature inversion of yrast bands
of odd-odd 106−114Rh. The signature inversion is observed in 106Rh, 112Rh, and 114Rh.
Open and solid symbols are for the favored and unfavored signature states, respec-
tively. Data are taken from Refs. [41, 47–50] and the present work.
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ting followed by the signature inversion. The mechanism of the signature inversion
in odd-odd nuclei is still an open question and theorists have been working to ﬁnd a
universal mechanism for diﬀerent mass regions.
Theoretical calculations were carried out based on the cranking shell model with
triaxial shapes [69], which predicted the existence of the signature inversion in the
A = 80, 100, 130, and 160 regions. For nuclei in the rare-earth region, the signature
inversion in 154Tb was well reproduced with the triaxial parameter γ = 13.5◦. By
investigating nuclei in the rare-earth region with A ≈ 160, the authors in Ref. [69]
found the γ value range 5◦ < γ < 25◦ to reproduce the experimental results. However,
the author in Ref. [70] proved that the signature inversion in odd-odd nuclei in the
above mass regions can be consistent with an axially symmetric shape with the Cori-
olis eﬀects in the particle-plus-rotor-model framework once the angular momentum is
retained as a good quantum number in the calculations. Thus, the experimental sig-
nature inversion might not be used as evidence for triaxial shapes and the cranking
shell-model calculations could be so realistic as to compare with experiments with
such a small γ ≈ 10◦ [67]. The deﬁciencies of the cranking model were also explained
and its applicability to the signature inversion phenomenon in odd-odd nuclei was
questioned in Ref. [71]. The author in Ref. [71] found that the best result could be
obtained when the proton-neutron interaction is combined with triaxial deformations
using a particle-plus-rotor model. The signature inversion can also be obtained in
the projected shell-model framework with axial symmetric shapes resulting from the
crossing of diﬀerent bands with opposite signature dependence, which was proposed
in Ref. [72]. After that, the triaxial projected shell model in a realistic conﬁguration
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space was developed and used to reproduce the signature inversion in the A = 130 re-
gion very well [73]. The systematics studies of the signature inversion in the A = 160
region in Ref. [74] indicated that triaxiality and Coriolis eﬀects alone are not suﬃcient
to predict the experimental results and a residual proton-neutron interaction must
be taken into account in the particle-plus-rotor-model calculations. The Interacting
Boson-Fermion Model was also proposed to give theoretical explanations for the sig-
nature inversion [75]. The quadrupole-pairing interaction to the mean-ﬁeld potential
combined with triaxiality was found to be able to account for the signature inversion
in the A = 130, 160 regions in Ref. [76].
More recently, a few theoretical calculations have been done to interpret the sig-
nature inversion observed in A ≈ 100 Rh and Ag isotopes. With the reproductions
of the signature inversion points of 14 ~ for 102Rh and 10 ~ for 98Rh, the authors in
Ref. [77] found that the competition between the proton-neutron interaction and the
Coriolis force using a two-quasiparticle-plus-rotor model can be a universal mecha-
nism for the signature inversion phenomenon in all mass regions, A = 80, 100, 130,
and 160. However, the same authors later claimed that the triaxial deformation could
play an important role where the signature inversion was observed at high spin in the
A = 100 region [78]. By studying the signature inversion in the odd-odd 102,104Rh and
104,106Ag and in three-quasiparticle rotational bands in 101Rh, the authors in Ref. [79]
using the cranking shell model proposed that these nuclei have a triaxial shape with
γ ≈ 25◦ which causes the signature inversion. They mentioned that the observed
inverted signature splitting is somewhat larger than the one predicted and this dis-
crepancy may be caused by ignoring the eﬀect of the quadrupole-pairing interaction
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proposed in Ref. [76]. It is interesting that those authors in Ref. [79] gave a new theo-
retical interpretation to the signature inversion in the A = 100 region as a competition
between the proton-neutron interaction and the Coriolis force in Ref. [80].
Regarding the current cases in the A = 110 region, it is obvious that triaxiality
is supposed to play an important role in the nuclear structures in the above odd-odd
Rh isotopes. Since an yrare band is observed in 114Rh, it is possible for us to see
such a band in lighter odd-odd Rh isotopes. If so, larger triaxial deformations might
be required to interpret the yrare band and one might obtain a large γ. Then one
may propose that the triaxial deformation results in the signature inversion in these
nuclei. Of course, the origin of the signature inversion in the A = 110 region poses a
good question for more experimental and theoretical work.
4.3.2 115Rh
The level structure of 115Rh, as presented in Fig. 4.2, bears signiﬁcant resemblance
to those of 111Rh and 113Rh, mainly in bands 1 and 6 reported in Ref. [41], though
levels in 115Rh are not identiﬁed as high as those in 111Rh and 113Rh and only two
bands are observed in 115Rh, not as many as in 111Rh and 113Rh. A side-band strongly
populating the yrast (9/2+) excited level has been observed in 115Rh, as in 111Rh and
113Rh, which indicates a deviation from axial symmetry. In Ref. [81], the study on
125Xe shows that the signature pattern of the yrast band could be in two triaxial
shapes, either on the prolate side or the oblate side. The side-band, so-called yrare
band, was used to determine which side the triaxial shape is on. The side-band in
the Xe isotope is analogous to the side-band here in 115Rh, as conﬁrmed in 111,113Rh
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in Ref. [41]. In the following model calculations, level energies in 115Rh are well
reproduced as natural consequences of the triaxial deformation.
As shown in Fig. 4.16, a very large, normal signature splitting of the yrast band
is observed in 115Rh. The splitting pattern in 115Rh is similar to those in 109,111,113Rh
and all of these four Rh isotopes have a likeness in the splitting strength at high
spin. Such a large signature splitting observed in 109,111,113Rh has been interpreted
in Refs. [41, 42] in terms of triaxiality playing a major role. One also ﬁnds a large
signature splitting in the neighboring Ag isotopes, 115Ag and 117Ag, as plotted in
Fig. 4.20. The signature splitting in the Ag isotopes is even greater than that in
their corresponding Rh isotones, which may indicate that the strength of triaxiality in
these Ag isotopes is larger than that in the corresponding Rh isotones, since a softness
for triaxiality in 115,117Ag was proposed in Ref. [82]. Otherwise, there might be an
unknown reason causing such a large signature splitting in these two Ag isotopes.
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Figure 4.20: Signature splitting function S(I) for yrast bands of odd-even 115,117Ag.
Data are taken from Ref. [82]
82
In Ref. [41], Luo et al. reported the observation of back-bending in the yrast bands
of 111,113Rh that sets in above the 21/2+ level in 111Rh and the 19/2+ level in 113Rh.
Therefore, it is of interest to ﬁnd where the back-bending occurs in 115Rh. Figure
4.21 is a back-bending plot (kinetic moment of inertia vs rotational frequency) for the
yrast bands of 108−115Rh. A back-bending is clearly seen in 109Rh, 111Rh, and 113Rh
and the back-bending frequency moves monotonically higher with decreasing neutron
numbers in these isotopes. For 115Rh, its kinetic moment of inertia at low rotational
frequency is comparable to those for 109Rh, 111Rh, and 113Rh. One cannot determine
where a back-bending occurs in 115Rh because levels in 115Rh identiﬁed here are not
as high as in 111,113Rh. However, one may predict that the back-bending frequency
in 115Rh, which is obviously higher than that in 113Rh, is either comparable to or
higher than that in 111Rh or higher than even that in 109Rh, by following the data
shown in Fig. 4.21. It is very interesting to see that the back-bending in 115Rh does
not conform to the above systematics in 109Rh, 111Rh, and 113Rh. More experimental
work is needed to ﬁnd the accurate back-bending frequency and further theoretical
work is required to interpret the above observation. Data for the odd-odd 108−114Rh
are also included in Fig. 4.21, where no back-bending is found in these nuclei. This
is another support for our mass number and spin-parity assignments. The lack of
back-bending in 108,110,112,114Rh could be blocking by the odd neutron. So, the back-
bending in 109Rh, 111Rh, and 113Rh means a neutron pair breaking in these odd-even
Rh isotopes. As mentioned in Ref. [41], the breaking pair is in the h11/2 neutron
orbital.
Figure 4.22 shows the systematics of the long odd-even Rh isotopic chain from
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Figure 4.21: Kinetic moment of inertia vs frequency for the α = +1/2 signature
partners of yrast bands of odd-even 108−115Rh and the even-integer signature partners
of yrast bands of odd-odd 108−115Rh. Back-bending is observed in 109,111,113Rh. Pos-
sible back-bending frequency for 115Rh is estimated. See text. Date are taken from
Refs. [41–43,48–50] and the present work.
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Figure 4.22: Systematics of level energies in yrast bands of odd-even 105−115Rh. Ex-
citation energies decrease towards N = 68 and after that increase. Data are taken
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Figure 4.23: Systematics of level energies in yrast bands of even-even 102−114Ru.
Excitation energies decrease towards N = 68 and after that increase. Data are taken
from Refs. [57, 84–86].
105Rh to 115Rh. Level energies of the yrast bands of these Rh nuclei are compared
and a trend that excitation energies decrease with increasing neutron numbers is
observed before the neutron number reaches 68. Systematics of the yrast bands of
neighboring Ru and Pd is given in Figs. 4.23 and 4.24, respectively, where one also
sees decreasing level energies with increasing neutron numbers at N ≤ 68. The level
energies increase when the neutron number goes beyond 68 in all Ru, Rh, and Pd
isotopes. This N = 68 eﬀect is more distinct in Pd with larger neutron numbers.
It is worth pointing out that ﬁnding a similar eﬀect in the Rh isotopes as assigned
supports our mass number and spin-parity assignments as well.
It is worth investigating the systematics of excitation energies of the yrare bands
in the Rh and neighboring Tc isotopes where triaxiality has been proposed [39–41].
Such yrare bands are believed to be associated with the triaxial deformation. In
Fig. 4.25, the level energies up to the (15/2+) state in the yrare bands relative to
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Figure 4.24: Systematics of level energies in yrast bands of even-even 106−120Pd.
Excitation energies decrease towards N = 68 and after that increase. Data are taken
from Refs. [87–90].
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the 7/2+, ground state in odd-even 105−115Rh and 107−111Tc are plotted. The above
mentioned N = 68 eﬀect is seen again in the yrare bands in the Rh isotopes. However,
one cannot make a clear conclusion of this eﬀect at N = 68 in the yrare bands in the
Tc isotopes, because such excited states in 113Tc have not been observed yet.
Preliminary theoretical results based on the RTRP model show that triaxiality in
115Rh has β2 = 0.26 and γ = 28
◦. The details of this model can be found in Ref. [91].
Without going into details, we have to mention that the nuclear shape is described
by the conventional deformation parameters β2 and γ and the free parameters are β2,
γ, and the ﬁrst E(2+) of the core. More information can be found in Ref. [41].
These three parameters have been ﬁtted to the level energies of the yrast band
and the yrare band of 115Rh, which are expected to be very close to those of 113Rh.
The ﬁtted values for them are β2 = 0.26, γ = 28
◦, and E(2+) = 0.31 MeV. The
predicted level energies are summarized in Table IV.2, where very good agreement is
seen between experiment and theory, though a discrepancy appears in the yrare band.
The 21/2+ yrast state in Table IV.2 seems to be mixed with a pi(1g9/2)
3 conﬁguration,
which does not belong to the model space. Such a conﬁguration manifests itself by
causing back-bending. For the ﬁtting of other experimental quantities, such as the
signature splitting and branching ratios, some ﬁne tuning appears necessary and is
under way.
It is worth mentioning that the single particle wave function of the yrast band
and the yrare band of 115Rh is dominated by an Ω = 7/2 single particle state, which
corresponds to the [413]7/2+ Nilsson orbital. On a spherical basis, its main component
has j = 9/2. It is interesting to remark that nearly all the bands in 111,113Rh have
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Table IV.2: Experimental and theoretical energies of excited states in the yrast band
and the yrare band of 115Rh. Energies are in keV.
Yrast band Yrare band
Spin-parity Eexp Etheory Eexp Etheory
7/2+ 0 0
9/2+ 213 111
11/2+ 461 467 600 567
13/2+ 703 592 1001 983
15/2+ 1142 1069 1339 1539
17/2+ 1341 1281 1776 2105
19/2+ 1926 1963 2116 2592
21/2+ 2141 2162
the same single particle intrinsic structure. These bands diﬀer from the yrast band
mainly by the values of Kdom. The band-head of the yrare band in
115Rh has I = 11/2
and Kdom = 11/2 from the [413]7/2
+ orbital as in the yrast state, but Kdom = Ω+2.
This means that R3 = 2, which is a speciﬁc feature of a triaxially deformed nucleus.
In an axially symmetric nucleus, the rotation vector R must be perpendicular to
the symmetry axis. R3 = 2 means that the rotation vector of the yrare states is
oriented along a principal axis which is diﬀerent from the one of the ground state. So
triaxiality occurs in 115Rh with γ = 28◦.
4.4 Conclusion
In this chapter, the nuclear structures of two very neutron-rich isotopes 114,115Rh
have been studied. Two completely new high-spin level schemes are established for
114Rh and 115Rh, respectively, for the ﬁrst time. Eight levels with twelve transitions
in the ∆I = 1, negative-parity yrast band and ﬁve levels with eight transitions in
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a side-band in 114Rh are found. The level scheme is proposed to be built on a 7−
excited state. The signature inversion of the yrast bands of 106,112,114Rh is observed
at 13.7 ~ for 106Rh, 12.5 ~ for 112Rh, and 10.6 ~ for 114Rh. It is likely that the triaxial
deformation results in the signature inversion in these nuclei. The level scheme of
115Rh has eight levels with thirteen transitions in the yrast band and ﬁve levels with
eight transitions in the yrare band. The existence of the large signature splitting
in the yrast band and an yrare band in 115Rh shows features which are typical for
triaxially deformed nuclei. Preliminary calculations based on the rigid-triaxial-rotor-
plus-quasiparticle model have been performed and compared with the experimental
results. Triaxiality with γ = 28◦ for 115Rh is predicted. These results enrich our
knowledge of Rh isotopes in the more neutron-rich region and pose new challenges to
theory in this mass region.
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CHAPTER V
LEVEL IDENTIFICATIONS AND SHELL-MODEL DESCRIPTIONS
IN 134I, 137I, AND 139Cs
5.1 Introduction
Studies of the structures of neutron-rich nuclei near the Z = 50, N = 82 doubly-
magic 132Sn core provide important tests for shell-model calculations employing real-
istic eﬀective interactions. In particular, these data can be used to ﬁnd out how far
from the closed shells a shell-model interpretation is adequate for neutron-rich nuclei.
Therefore, with a few valence protons beyond the Z = 50 closed shell and valence
neutrons outside the N = 82 major shell, 134I (Z = 53, N = 81) and two N = 84
isotones 137I (Z = 53) and 139Cs (Z = 55) are good candidates for this purpose.
A level scheme of 133I was constructed from the 133Te β decay and the 133I isomeric
decay [66]. High-spin states in 135−139I were examined from the spontaneous ﬁssion
of 248Cm [53, 54, 92–94]. Low-lying transitions in 134I were observed from the 134Te
β decay [95, 96]. A 3.8(2) min isomer at 316.3 keV was reported in 134I and tenta-
tively assigned as 8− with no level above it. The state has either a pi1g7/2ν(1h11/2)−1
or pi2d5/2ν(1h11/2)
−1 conﬁguration [97]. However, no higher-spin states in 134I have
been reported so far. A new high-spin level scheme of 134I is built and theoretical
calculations in the shell-model framework performed by our collaborators support our
results.
The β decay of 139Xe [66], ﬁssion of 252Cf [61] and ﬁssion of 248Cm [98] have been
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used to populate excited states in the 139Cs nucleus. Thirteen transitions and eleven
levels up to high spins in 139Cs were identiﬁed by Nowak et al. [98]. In the present
work, we conﬁrm the yrast band of 139Cs reported in Ref. [98] and extend it up to
4670 keV, by adding ten new excited levels with eighteen new deexciting transitions.
Spins and parities of levels in 139Cs are ﬁrmly assigned up to 25/2+ experimentally.
The level pattern of 139Cs indicates the validity of a shell-model description. Realistic
shell-model calculations have been performed to interpret the spectrum of 139Cs and
good agreement between theory and experiment is found.
The energy levels in 137I, an isotone of 139Cs, are also extended with three new
excited levels added on the top of the level scheme reported in Ref. [92] and the current
shell-model calculations produce better results than those obtained in Ref. [92].
5.2 First identiﬁcation of high-spin states in 134I
Here, we report the ﬁrst identiﬁcation of high-spin states in 134I, populated in the
spontaneous ﬁssion of 252Cf. By double gating on the previously known transitions
in 111−113Rh [41], ﬁssion partners of 134I, the transitions in 134I can be identiﬁed.
Coincidence spectra are obtained by double gating on strong transitions in 111−113Rh,
as shown in Fig. 5.1. The transition energies used for double gating in Rh isotopes are
shown in Fig. 5.1. In Fig. 5.1, one sees a new 952.4-keV transition and the previously
known strong transitions in 133I [66], 135I [53], 136I [54], and 137I [92]. By double gating
on the new 952.4-keV transition observed in Fig. 5.1 and on a strong transition in
each of the 111−113Rh isotopes, several new transitions of energies 640.2, 244.3, 752.5,
and 785.5 keV are observed, as shown in Fig. 5.2. Figure 5.2 (c) clearly demonstrates
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the coincidence relationship between the 940.4-, 640.2-, 244.3-, 752.5-, and 785.5-keV
transitions as well as with those in the Rh isotopes. Careful cross-checking of numer-
ous coincidence spectra conﬁrmed that this cascade consisting of the 952.4-, 640.2-,
244.3-, 752.5-, and 785.5-keV transitions exists and belongs to an iodine isotope.
Figure 5.1: Coincidence spectra double gated on transitions in 111−113Rh [41]. The
xn labels indicate transitions from an iodine isotope corresponding to the x neutron
channel. A new transition of energy 952.4 keV is indicated in these spectra with an
asterisk.
Since the high-spin level schemes of 133,135−139I are well known [53, 54, 66, 92–
94], we propose that this cascade is in 134I. A comparison of the relative intensities
among the 952.4-keV transition, the 1133.8-keV transition in 135I, and the 1111.8-keV
transition in 136I in diﬀerent Rh gates (see Fig. 5.1) supports such a mass number
assignment. The most important support is from the following measurements for
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Figure 5.2: Coincidence spectra double gated on the new 952.4-keV transition and
on the 159.2-, 211.7-keV transitions in Rh nuclei, and the new 640.2-keV transition.
The transitions, marked with an asterisk, are newly identiﬁed.
the mass number assignment. In the 952.4/640.3-, 1133.8/288.2- (135I), 1111.8/260.7-
(136I), and 620.5/488.2-keV (137I) double gates, ﬁssion yield ratios of the 183.0-keV
transition in 112Rh to the 232.3-keV transition in 113Rh are measured, as shown
in Fig. 5.3. The variation of these ratios follows those of similar ratios of 105Mo
to 106Mo in 142−145Ba double gates [66], which indicates that the mass number for
the 640.3 → 952.4 cascade is below 135. The yrast level scheme of 133I has been
investigated very well [66] and most of the strongly populated transitions are also
observed in our data, as presented in Fig. 5.4. Moreover, the ﬁssion yield of 132I is
much less than that of 134I to exclude that this cascade belongs to 132I. Therefore,
the level scheme of 134I is built with ﬁve new transitions for the ﬁrst time, as shown
in Fig. 5.5.
93
0.1
1
10
I(112Rh)/I(113Rh)
I(105Mo)/I(106Mo)
952.4/640.2  
 
137I
135I
142Ba
145Ba
144Ba
143Ba
136I
 F
is
si
on
 Y
ie
ld
 R
at
io
Mass Gates
Figure 5.3: Fission yield ratios of 112Rh to 113Rh in the 952.4/640.3-keV and 135−137I
gates along with those of 105Mo to 106Mo in 142−145Ba gates. A logarithmic scale is
used for the y-axis. Data are taken from Refs. [53, 54, 66,92] and the present work.
Figure 5.4: Partial level scheme of 133I seen in our data. Energies are in keV and the
width of the arrow is proportional to the corresponding γ-ray intensity.
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Figure 5.5: The new level scheme of 134I identiﬁed for the ﬁrst time. Energies are in
keV and the width of the arrow is proportional to the corresponding γ-ray intensity.
All transitions are new.
The ground state of 134I was reported to be mainly built on the conﬁguration
of pi1g7/2ν(2d3/2)
−1 with a tentative spin-parity assignment of 4+ [95]. A 3.8(2)
min isomeric state at 316.3 keV in 134I was reported and tentatively assigned to
be either a [pi1g7/2ν(1h11/2)
−1]8− or [pi2d5/2ν(1h11/2)−1]8− state [97]. The ground
states of the N = 81 isotones 132Sb (Z = 51) and 136Cs (Z = 55) were reported
to be [pi1g7/2ν(2d3/2)
−1]4+ [66] and [pi(1g7/2)−3ν(2d3/2)−1]5+ [99], respectively, and
an 8− isomeric state was found in both nuclei with the identical conﬁguration of
pi1g7/2ν(1h11/2)
−1 [66, 100]. For 132I, a 4+ ground state and an 8− isomeric state
were reported [66]. For 136I, a 1− ground state and a 6− isomeric state were re-
ported [66, 101] and high-spin states were proposed to be built on the 7− state [54].
Therefore, it is most likely that the observed yrast cascade in 134I in the present work
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is built on the 316.3-keV, 8− isomeric state with a conﬁguration of pi1g7/2ν(1h11/2)−1.
This conﬁguration can be achieved by coupling a 1g7/2 proton from the ground state
of 133I to a 1h11/2 neutron hole from the ground state of
133Te. This is supported by
the fact that the spontaneous ﬁssion of 252Cf mostly populates high-spin states.
The angular correlation for the 640.2- and 952.4-keV transitions in 134I is measured
by using the method described in Subsection 3.4.3. The measured A2 and A4 values for
the 640.2→ 952.4-keV cascade are −0.20(4) and −0.02(5), respectively, as shown in
Fig. 5.6. The theoretical A2 and A4 values of γ−γ angular correlations are A2 = 0.102
and A4 = 0.009 for a pure quadrupole → quadrupole cascade, and A2 = −0.071 and
A4 = 0.0 for a pure quadrupole → dipole cascade, and A2 = 0.05 and A4 = 0.0 for
a pure dipole → dipole cascade [3, 5]. Comparisons of the experimental A2 and A4
values for the 640.2→ 952.4-keV cascade in 134I with the theoretical ones listed above
indicate that one or both of these two transitions are mixed.
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Figure 5.6: Angular correlation for the 640.2→ 952.4-keV cascade in 134I.
Angular correlation measurements are also performed for transitions in 133I, 135I,
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Figure 5.7: Angular correlation for the 288.2→ 1133.8-keV cascade in 135I.
and 136I for systematic comparisons. Figure 5.7 shows an example for the 288.2 →
1133.8-keV cascade in 135I. These results are summarized in Table V.1 and are con-
sistent with the theoretical A2 = 0.102 and A4 = 0.009 for a pure quadrupole →
quadrupole cascade. These data establish that the 647.5- and 912.7-keV transitions
in 133I, the 288.2- and 1133.8- keV transitions in 135I, and the 260.7- and 1111.8- keV
transitions in 136I are of pure E2 character. This conclusion conﬁrms the tentative
spin-parity assignments of 15/2+ → 11/2+ → 7/2+ to the 647.5→ 912.7-keV cascade
in 133I [66], 15/2+ → 11/2+ → 7/2+ to the 288.2 → 1133.8-keV cascade in 135I [53]
and 11− → 9− → 7− to the 260.7 → 1111.8-keV cascade in 136I [54]. However, the
A2 and A4 values for the 640.2→ 952.4-keV cascade, and thus the multipolarities for
these two transitions in 134I do not follow the trend seen in 133I, 135I, and 136I.
To determine the spin sequence of the 640.2→ 952.4-keV cascade in 134I, plots of
A2 vs. A4 using the mixing ratio δ as a parameter are shown in Fig. 5.8. Although the
best ﬁt for the spin sequence for the 640.2→ 952.4-keV cascade is 11→ 9→ 8 with
the 952.4-keV transition mixed, 11 → 10 → 8 with the 640.2-keV transition mixed
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Table V.1: Angular correlations measured in 133,135,136I. Theoretical values of Atheory2
and Atheory4 of γ−γ angular correlations for a pure quadrupole→ quadrupole cascade
are included.
Nucleus Cascade (keV) Aexp2 , A
exp
4 A
theory
2 , A
theory
4
133I 647.5→ 912.7 0.097(9), 0.006(9) 0.102, 0.009
135I 282.2→ 1133.8 0.101(4), 0.004(6) 0.102, 0.009
136I 260.7→ 1111.8 0.101(6), 0.009(10) 0.102, 0.009
and 10→ 9→ 8 with both the 640.2- and 952.4-keV transitions mixed which occurs
in 132Sb [102] are allowed.
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Figure 5.8: A2 vs. A4 for selected spin sequences using the mixing ratio δ as a
parameter. The experimental A2 and A4 values for the 640.2 → 952.4-keV cascade
in 134I are shown. The theoretical A2 and A4 are taken from Refs. [3, 5].
Some yrast excitations in 133−136I are presented in Fig. 5.9. Their level spacings
exhibit a strong shell eﬀect of the N = 82 neutron major shell in 135I, where the ﬁrst
transition has the largest transition energy. The energy of the ﬁrst transition in 134I
(N = 81) lies between those of 133I (N = 80) and 135I (N = 82). The systematics
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also supports the mass number assignment of 134I and its level order.
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Figure 5.9: Some yrast states of 133−136I. Data are taken from [53, 54, 66] and the
present work. Energies of the excited states in 134I and 136I are relative to the (8−)
state and the 7−state, respectively.
Based on our experimental results, A. Covello and his collaborators have published
a paper on shell-model calculations for 134I [103]. Their results based on a realistic
shell-model calculation are 0- (8−), 1022- (10−), 1674- (11−), 1905- (12−), 2439- (13−),
and 3142-keV (14−) for the level energies. They are in good agreement with all level
energies reported here with a root mean square deviation of about 100 keV, as shown
in Fig. 5.10. As regards the nature of the states, it turns out that they are dominated
by either the proton pi(1g7/2)
3 (8−, 10−, 13−) or pi(1g7/2)2(2d5/2)1 (11−, 12−, 14−) con-
ﬁguration, and the neutron hole being stably located in the ν1h11/2 orbital. Our
data support their shell-model calculations. Their results show that the 952.4-keV
transition has a multipolarity of pure E2 while the 640.2-keV transition is of E2/M1
mixture, which are also consistent with our angular correlation measurement for the
99
640.2→ 952.4-keV cascade in 134I.
Figure 5.10: Comparison of shell-model calculations and the experimental results in
134I. Energies are in keV.
5.3 High-spin structures of the neutron-rich nuclei 137I and 139Cs
5.3.1 Experimental results
Hwang et al. [61] claimed that the 218.6-, 408.6-, 618.4-, 387.5-, and 503.0-keV
transitions compose the yrast cascade of 139Cs based on the fact that a 218.64-keV
transition was found from the β decay of 139Xe to 139Cs [66]. Later, Nowak et al. [98]
reported that the transitions out of the yrast levels in 139Cs have energies of 595.5,
601.5, 475.2, 468.5, 544.3, 428.2, 589.9, 236.6, 740.3, 756.3, and 727.6 keV and also
100
supported the existence of the low-lying 218.6-keV transition.
To clarify the above dilemma, measurements to determine the mass number of the
transitions have been performed. In the 595.5/475.2- (139Cs) [98], 594.3/640.9- (140Cs)
[61], 369.5/481.0- (141Cs) [60,61,104], 205.4/404.7- (142Cs) [61], and 282.3/397.2-keV
(143Cs) [61, 104] double gates, the ﬁssion yield ratios of the 292.6-keV transition in
107Tc [39, 61, 105] to the 154.1-keV transition in 108Tc [61, 65] are measured to be
0.10(1), 0.16(2), 0.31(4), 0.47(7), and 1.25(18), respectively, as shown in Fig. 5.11.
The variation of these ratios follows those of similar ratios of 105Mo to 106Mo in
141−145Ba double gates [66], which indicates that the mass number for the 475.2 →
595.5-keV cascade is below 140. Because the level schemes of 137,138Cs have been well
established [13, 106, 107], we argue that the 475.2 → 595.5-keV cascade belongs to
the 139Cs nucleus. In addition, we need to point out that the same ratio of 107Tc
to 108Tc in the 218.6/408.6-keV [61] double gate is measured to be 0.49(7) which is
consistent with the value in the 142Cs gate, as shown in Fig. 5.11. This means that the
408.6 → 218.6-keV cascade forms a band in 142Cs. The level structures of 140,142Cs
have been reported in Refs. [108, 109] and more details will be presented in Chapter
VII. Note that the authors in Ref. [61] did not perform any measurement to determine
the mass number of the 408.6 → 218.6-keV cascade. Rather, the assignment of this
cascade to 139Cs was solely based on the observation of a 218.64-keV transition in the
β decay of 139Xe to 139Cs [66]. Because the spin-parity of the 218.64-keV level was
assigned to be 5/2+ [110], it may not be populated in our ﬁssion data.
To demonstrate how we identify new transitions in 139Cs, two coincidence spectra,
created by double gating on transitions reported in Ref. [98], are shown in Fig. 5.12,
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Figure 5.11: Fission yield ratios of 107Tc to 108Tc in Cs gates along with those of
105Mo to 106Mo in Ba gates. The same ratio of 107Tc to 108Tc in the 218.6/408.6-keV
double gate is indicated with a solid square. Data are taken from Refs. [39, 61, 65,
66,98,104,105]. For the data points of 139Cs and 140Cs, the uncertainties are smaller
than the size of the solid circles.
where the transition energies used for double gating are also indicated. Both of these
two spectra clearly show the coincidence relationship among transitions in 139Cs and
its partners 108Tc [61, 65], 109Tc [39, 61], and 110Tc [40]. All of the previously known
transitions in 139Cs are conﬁrmed, except the 914.9- and 1126.5-keV transitions feed-
ing the 595.5-keV level reported in Ref. [98]. Those coincidence transitions, marked
with an asterisk in Fig. 5.12, are newly observed. Two coincidence spectra are shown
in Fig. 5.13, which provide additional support for our placements of the new transi-
tions. The gate transitions are indicated in the spectra as well. The eﬀort of extensive
cross-checking with many other coincidence spectra leads to the ﬁnal level identiﬁca-
tions and placements in the 139Cs nucleus. Ten new excited levels with eighteen new
deexciting transitions are found to allow us to establish the level scheme of 139Cs, as
presented in Fig. 5.14, where excited states are extended up to 4670 keV. We have
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included the 218.6-keV level in our scheme in Fig. 5.14, because it was seen in the β
defcay [66] and we will compare it with the corresponding calculated level energy in
the next subsection.
Figure 5.12: Coincidence spectra double gated on known transitions in 139Cs [98].
The newly observed transitions are marked with an asterisk.
The spin-parity of the ground state of 139Cs was reported as 7/2+ [66]. Spins and
parities of the excited levels, as presented in Fig. 5.14, are determined by measur-
ing the γ − γ angular correlations for some transitions and the internal conversion
coeﬃcient of the 236.9-keV transition. Three examples of our angular correlation
measurements in 139Cs are shown in Figs. 5.15 - 5.17. The measured A2 and A4
values for the 428.2 → 475.3-, 740.4 → 428.2-, 727.9 → 740.4-, 544.4 → 601.6-, and
589.8 → 544.4-keV cascades, listed in Table V.2, are all consistent with the theoret-
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Figure 5.13: Coincidence spectra double gated on transitions in 139Cs. The newly
observed transitions are marked with an asterisk.
ical A2 = 0.102 and A4 = 0.009 for a pure quadrupole → quadrupole cascade [3, 5].
Therefore, these transitions are of pure quadrupole character. We propose that their
multipolarities are E2 rather than M2 because the spontaneous ﬁssion process pop-
ulates predominantly yrast levels and high-spin states and E2 transitions have been
observed in the yrast bands of the neighboring even-even 138Xe [111] and 140Xe nu-
clei [112]. Another support for our proposal is from the half-life measurements, as
described in Ref. [113], for the levels which the above transitions depopulate. No
half-lives of more than 4 ns were observed for any of these levels in our data because
no time eﬀect on the transition intensities was found in our minimum 4 ns time win-
dow. Therefore, 11/2+, 15/2+, and 19/2+ are assigned to the 601.6-, 1146.0-, and
1735.8-keV levels, respectively.
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Figure 5.14: The new level scheme of 139Cs. Energies are in keV and the width of the
arrow is proportional to the corresponding γ-ray intensity. The transitions marked
with an asterisk are newly observed. The 218.6-keV level is based on the β-decay
study of Ref. [66].
105
cos(θ)
-1 -0.5 0 0.5 1
R
e
la
ti
v
e
 I
n
te
n
s
it
y
62
66
70
74
E: 475.3-595.4
  A2= -0.10(1)
  A4= -0.01(2)
Figure 5.15: Angular correlation for the 475.3→ 595.4-keV cascade in 139Cs.
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Figure 5.16: Angular correlation for the 428.2→ 475.3-keV cascade in 139Cs.
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Figure 5.17: Angular correlation for the 544.4→ 601.6-keV cascade in 139Cs.
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Table V.2: Angular correlations measured in 139Cs. The theoretical A2 and A4 values
of γ−γ angular correlations for a pure quadrupole→ quadrupole cascade are included.
Cascade (keV) Aexp2 , A
exp
4 A
theory
2 , A
theory
4
428.2→ 475.3 0.11(1), 0.00(2) 0.102, 0.009
740.4→ 428.2 0.11(2), -0.02(3) 0.102, 0.009
727.9→ 740.4 0.11(3), -0.01(4) 0.102, 0.009
544.4→ 601.6 0.09(2), 0.01(3) 0.102, 0.009
589.8→ 544.4 0.10(4), -0.00(7) 0.102, 0.009
475.3→ 595.4 -0.10(1), -0.01(2) see text
Because the spin of the 601.6-keV level is assigned as 11/2, the spin of the 595.4-
keV level should be either 9/2 or 11/2 due to its high-spin feature and yrast structure.
If the spin is 11/2, the spin diﬀerence between this level and the ground state will be
two, which results in a conclusion that the multipolarity of the 595.4-keV transition is
E2,M2, E3, orM3. However, the very low transition probabilities of E3 andM3 rule
out the possibility of their existence. The impossibility of E3 andM3 is also supported
by the experimental A2 value because the minimum theoretical A2 value −0.05 [3,
5] for the 15/2(Q)11/2(Q,O)7/2 cascade is not nearly as large negatively as the
experimental A2 value −0.10(1) as shown in Fig. 5.15. If the 595.4-keV transition is
of pure quadrupole character for an 11/2 assignment, then theA2 and A4 values should
be 0.102 and 0.009 for a pure quadrupole→ quadrupole cascade, which conﬂicts with
these experimental results of A2 = −0.10(1) and A4 = −0.01(2). Thus, the spin of the
595.4-keV level is assigned as 9/2. Then, the parity of the levels in the 475.3→ 595.4-
keV cascade is obtained from the total internal conversion coeﬃcient (αT) of the 236.9-
keV transition. The measured αT of a speciﬁc transition can be used to determine its
multipolarity and thus the spin-parities of the two levels connected by this transition.
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The αT of a low-energy transition can be measured from the intensity balance in and
out of a state which this transition feeds or depopulates, by double gating on two
other transitions in the same cascade. The total internal conversion coeﬃcient of the
236.9-keV transition is measured to be 0.086(12) by double gating on the 756.6- and
475.3-keV transitions and then calculating the diﬀerence between the relative γ-ray
intensity of the 236.9-keV transition and that of the 428.2-keV transition, with an
assumption that the αT of the 428.2-keV transition is negligible. Theoretical values
are computed as αT(E1) = 0.020, αT(M1) = 0.083, αT(E2) = 0.094, and αT(M2) =
0.42, respectively, by using the BrIcc v2.2b Conversion Coeﬃcient Calculator [7].
Comparisons of the experimental αT value with the calculated ones indicate that the
multipolarity of the 236.9-keV transition is M1 and/or E2. So, the parity of the
1498.9-keV level is the same as that of the 1735.8-keV level. With an eye to the
results in the above paragraph, the parity of the levels in the 475.3→ 595.4 cascade
should be positive. Thus, a spin-parity of 9/2+ is assigned to the 595.4-keV level,
which conﬁrms the tentative assignment in Ref. [98]. The E2/M1 mixture of the
595.4-keV transition, consistent with the character of the 554.4-keV transition in its
isotone 137I [92], will be discussed below. Finally, the spins and parities of the levels
of energies 1070.7, 1498.9, 2239.3, and 2967.2 keV are determined to be 13/2+, 17/2+,
21/2+, and 25/2+, respectively.
The spins and parities of other upper yrast levels are tentatively assigned by as-
suming that the spin values increase with increasing excitation energies in the spon-
taneous ﬁssion and the transitions are of E2 character. As we shall discuss in the
following subsection, shell-model calculations conﬁrm these assignments. In the same
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subsection, a tentative identiﬁcation is made for those states whose spins and parities
cannot be assigned in our experimental data.
Figure 5.18 shows the level scheme of 137I observed in the present work. The level
scheme is almost the same as the one reported by Korgul et al. [92], except that
we add three new excited levels with four new deexciting transitions on the top. In
this ﬁgure, we have also reported the results of the present shell-model calculations,
which will be discussed in the next subsection. The spectra in Fig. 5.19 indicate the
coincidence relationship among the new and known transitions in 137I. We adopt the
spin-parity assignments in Ref. [92], where angular correlation measurements were
performed. The spins and parities of the three new levels are assigned, by assuming
that the transitions linking these levels are of E2 character.
Because both the 595.4-keV transition in 139Cs and 554.4-keV transition in 137I [92]
are E2/M1 mixed, it is worth measuring their mixing ratio (δ) values. As shown in
Fig. 5.15, the measured A2 and A4 values for the 475.3 → 595.4-keV cascade in
139Cs are −0.10(1) and −0.01(2), respectively, which produce two minimum values
of the mixing ratio of the 9/2+ → 7/2+, 595.4-keV transition as δ = −4.2+0.4−0.5 and
δ = −0.07+0.02−0.02, by using the DELTA program from the National Nuclear Data Center
[66]. The measured A2 and A4 values for the 400.4 → 554.4-keV cascade in 137I are
-0.24(1) and -0.01(1), respectively, as presented in Fig. 5.20, which are consistent with
the experimental results of A2 = −0.233(6) and A4 = −0.033(7) in Ref. [92]. Our
A2 and A4 values also give two minimum δ values for the 9/2
+ → 7/2+, 554.4-keV
transition in 137I, as δ = −1.3+0.2−0.1 and δ = −0.55+0.07−0.10. As will be seen in the next
subsection, the δ values, which favor an E2 character for both the 595.4- (139Cs)
109
Figure 5.18: The new level scheme of 137I. Energies are in keV and the width of
the arrow is proportional to the corresponding γ-ray intensity. Four new transitions
observed here are marked with an asterisk. Predictions from shell-model calculations
are shown as well.
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Figure 5.19: Coincidence spectra double gated on transitions in 137I. The newly ob-
served transitions are marked with an asterisk.
and 554.4-keV (137I) transitions, are reproduced very well by the present shell-model
calculations.
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Figure 5.20: Angular correlation for the 400.4→ 554.4-keV cascade in 137I.
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5.3.2 Discussion and shell-model calculations
The systematics of the odd-A 133−141Cs nuclei [61,66,104] are presented in Figs. 5.21
and 5.22. Excitation energies of the ﬁrst 5/2+ states and some other yrast states in
these isotopes are shown in Fig. 5.21. Their level patterns indicate a strong shell eﬀect
in 137Cs (N = 82). Variations of the excitation energies of the 11/2+ states of these
odd-A Cs isotopes vs the excitation energies of the ﬁrst 2+ states of the corresponding
even-even Xe cores [66] are shown in Fig. 5.22. We see a nearly linear relationship,
which indicates that yrast states in these odd-A 133−141Cs are formed from coupling
the valence proton to the corresponding Xe core.
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Figure 5.21: Excitation energies of the ﬁrst excited 5/2+ states and some other yrast
states of odd-A 133−141Cs. Data are taken from Refs. [13, 60, 66, 104] and the present
work.
The systematics of the odd-A, N = 84 isotones, 135Sb [114], 137I [92], 139Cs, and
141La [66], are presented in Figs. 5.23 and 5.24. Excitation energies of the same
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Figure 5.22: Excitation energies of the 11/2+ states of the odd-A 133−141Cs nuclei
vs those of the ﬁrst 2+ states of the corresponding even-even Xe cores. A dashed
line is drawn to indicate the linear relationship of these data. Data are taken from
Refs. [13, 60, 66,104] and the present work.
yrast states as shown in Fig. 5.21 are presented in Fig. 5.23, where a similarity is
observed in their level patterns. Variations of the excitation energies of the yrast
11/2+ states of 135Sb, 137I, and 139Cs vs the excitation energies of the ﬁrst 2+ states
of the corresponding 134Sn, 136Te, and 138Xe cores [111], as presented Fig. 5.24, show
an almost linear relationship, which also indicates that yrast states of 135Sb,137I, and
139Cs are formed from coupling the valence proton to the corresponding even-even
core. Although the 11/2+ state of 141La has not been observed so far, one can predict
its position as roughly at 600 keV, based on the excitation energies of the same state
of 135Sb, 137I, and 139Cs and that of the ﬁrst 2+ state of 140Ba [115].
On the above grounds, a shell-model study has been conducted for 139Cs, with
ﬁve valence protons outside the Z = 50 closed shell and two valence neutrons beyond
the N = 82 major shell. Levels in 139Cs are spaced somewhat more evenly than in
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Figure 5.23: Excitation energies of the ﬁrst excited 5/2+ states and some other yrast
states of 135Sb, 137I, 139Cs, and 141La. Data are taken from Refs. [66,92,114] and the
present work.
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Figure 5.24: Excitation energies of the yrast 11/2+ states of 135Sb, 137I, and 139Cs
vs those of the ﬁrst 2+ states of the corresponding even-even 134Sn, 136Te, and 138Xe
cores. The excitation energy of the ﬁrst 2+ state of 140Ba is also indicated. A dashed
line is drawn to indicate the linear relationship of these data. Data are taken from
Refs. [66, 92, 111,114,115] and the present work.
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137I, which may suggest that the addition of two protons to 137I induces a change
towards a collective motion. However, as we shall see in the following, a shell-model
description of 139Cs turns out to be quite successful.
We consider 132Sn as a closed core, with the valence protons occupying the ﬁve
levels 0g7/2, 1d5/2, 1d3/2, 1s1/2, and 0h11/2 of the 50−82 shell, and the two valence neu-
trons the six levels 0h9/2, 1f7/2, 1f5/2, 2p3/2, 2p1/2, and 0i13/2 of the 82−126 shell. The
same shell-model Hamiltonian was used as that employed in recent studies on 132Sn
neighbors with N > 82, which yielded results in very good agreement with experi-
ment [116]. Here we only mention that the two-body eﬀective interaction contained
in this Hamiltonian was derived from the CD-Bonn nucleon-nucleon potential with
the inclusion of the Coulomb force for protons. A brief discussion of the derivation of
the two-body matrix elements can be found in Ref. [117], where the adopted values of
the single-proton and -neutron energies were also given. These were taken from the
experimental spectra of 133Sb and 133Sn [66], respectively, with the exception of the
proton 1s1/2 and the neutron 0i13/2 levels, which are still missing. The calculations
have been carried out using the OSLO shell-model code [118].
Let us start by considering the three-valence-proton nucleus 137I. As mentioned
above, the level scheme observed in the present experiment is almost the same as
that of Ref. [92] but with three new levels as shown in Fig. 5.18, where the calculated
levels are also reported. From Fig. 5.18, one sees that the agreement between theory
and experiment is very good up to the 29/2+ state, the discrepancy ranging from a
few keV to 280 keV, while for the 31/2+ and 33/2+ states, the theoretical energies
are higher by about 500 keV. We see that the three highest-spin levels are predicted
115
to be located more than 2 MeV above the experimental ones. This may indicate that
excitations outside the chosen model space play an important role for such high-spin
states.
In the work of Ref. [92], a shell-model calculation was also performed to interpret
the observed spectrum of 137I. The signiﬁcant discrepancies occurring between some
theoretical and experimental energies were seen as an indication that the excitation
pattern of 137I deviates from the shell-model scheme. This was essentially based on
the prediction of a 29/2+ isomer, which was not observed in their experiment.
The present calculation diﬀers from that of Ref. [92] in that a modern realis-
tic two-body interaction and a larger model space are used. This produces on the
whole a better agreement with experimental data. On this basis, we come to the
conclusion that an accurate description of 137I may be obtained within the shell-
model framework. As for the 29/2+ state, we ﬁnd that this state, dominated by the
pi(g7/2)
2d5/2ν(f7/2)
2 conﬁguration, lies above the 27/2+ and 25/2+ levels and decays
to the latter with a transition probability of 5 × 109 s−1. This corresponds to a
B(E2; 29/2+ → 25/2+)=317 e2fm4, obtained with eeffpi = 1.55e and eeffν = 0.7e [119].
It turns out that the transition to the 27/2+ state is hindered by a factor of about 100,
which is mainly due to the small energy gap. In this case, we have B(E2)= 18 e2fm4
and B(M1)= 0.005 µ2N, the latter being obtained with the eﬀective M1 operator of
Ref. [117]. Note that this operator and the above eﬀective charges are just the same
as those used for all neighbors near 132Sn (see, for instance, Ref. [120]).
In the same way, we have also calculated the mixing ratio δ for the 9/2+ → 7/2+,
554.4-keV transition in 137I. We ﬁnd δ = −3.9, which comes rather close to the
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value −1.3+0.2−0.1 obtained experimentally, indicating that this transition is mainly of
E2 character.
Note that between the 9/2+ and 7/2+ states a 5/2+ state is observed at 243.8 keV.
We predict the ﬁrst 5/2+ state at 255 keV and ﬁnd B(E2; 9/2+ → 5/2+) = 81 e2fm4
corresponding to a transition probability of about 3×108 s−1. This makes the feeding
of this state not competitive with respect to that of the 7/2+ state, in agreement with
the ﬁnding of the present work. A second 5/2+ state is predicted by our calculation
at only 130 keV above the yrast one, for which the B(E2; 9/2+ → 5/2+) value turns
out to be 270 e2fm4. However, the deexcitation of the 9/2+ state to this state is also
unlikely owing to the small energy of the γ-ray involved.
Before starting to discuss our results for 139Cs, we would like to mention the work
of Ref. [117], which reported a shell-model study on the lighter N = 84 isotone 135Sb
having only one valence proton. In recent years, this nucleus has been the subject
of much theoretical and experimental interest (see, for instance, Ref. [119]). A low-
lying 5/2+ state was identiﬁed [121, 122], whose position appeared to be anomalous
when looking at the systematics of the odd-even lighter Sb isotopes. In Ref. [117], it
was shown that a shell-model calculation with the same eﬀective Hamiltonian as the
present study accounts for the observed properties of the yrast 5/2+ state in 135Sb as
well as for the energies of the other observed levels.
It is interesting to note the similarity between the 135Sb and 137I levels. Basically,
a low-energy 5/2+ state is present in both nuclei and a correspondence can be estab-
lished between the 7/2+, 11/2+, 15/2+, 19/2+, and 23/2+ states of 135Sb identiﬁed in
the 248Cm ﬁssion experiment [114] and the members with the same angular momen-
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tum and parity of one of the two ∆I = 2 cascades observed in 137I. As for the other
cascade, the 9/2+ state has been identiﬁed in 135Sb from the β decay of 135Sn [123].
Also we note the work in Refs. [124, 125], where theoretical calculations based
on the shell model for 137I and the particle-plus-rotor model for 137I and 139Cs were
reported, respectively. In Ref. [124], the authors did shell-model calculations for 137I
using the same model space as ours, but with the empirical interaction SMN, an
empirical Hamiltonian which was obtained by some modiﬁcations of a Hamiltonian
(CW5082) originally derived from the 208Pb region. Overall agreement of their shell-
model calculations with the experiment in 137I was found and the diﬀerences between
their calculated and experimental level energies were considerably smaller for the
states from 21/2+ to 33/2+ than ours. However, their calculations did not reproduce
the correct order of the 9/2+ and 11/2+ states which we do. We also reproduce the
15/2+ → 13/2+ and 19/2+ → 17/2+ splitting better than Ref. [124]. Interestingly, we
ﬁnd that the ﬁrst 5/2+ state is dominated (50%) by the pi(g7/2)
2d5/2ν(f7/2)
2 conﬁgura-
tion, while a diﬀerent one pi(g7/2)
3ν(f7/2)
2 was predicted in Ref. [124]. Moreover, the
three new higher-spin levels seen in our data indicate that more shell-model orbitals
are required to be chosen to interpret higher-spin levels in 137I in the shell-model
framework, as also found in 139Cs discussed next. The wave functions in the levels in
137I show somewhat large conﬁguration mixing which may lead to mild collectivity.
Therefore, particle-plus-rotor-model calculations for 137I were performed in Ref. [125],
where the order of the 9/2+ and 11/2+ levels was predicted correctly. However, their
calculations did not reproduce the energy splitting for higher-spin levels in 137I very
well.
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Our level scheme of 139Cs is shown in Fig. 5.14. In Table V.3, we compare the ex-
perimental excitation energies with the calculated values for the levels with assigned
spin-parities. As the case for 137I, the agreement between the calculated and experi-
mental energies is very good for all states up to Ipi = 29/2+, the discrepancies ranging
from few tens of keV up to about 200 keV. As for the 31/2+ and 33/2+ states, the
discrepancies reach about 300 keV, while the 37/2+ state is predicted to lie at more
than 1 MeV above the observed one. The reason for this large discrepancy again may
be that excitations outside the chosen model space play an important role for such a
state, as also found for 137I.
Table V.3: Experimental and calculated excitation energies (in MeV) for 139Cs.
Ipi Eexp Etheory Ipi Eexp Etheory
7/2+ 0.00 0.00 21/2+ 2.239 2.338
5/2+ 0.219 0.159 23/2+ 2.492 2.691
9/2+ 0.595 0.710 25/2+ 2.967 3.100
11/2+ 0.602 0.688 27/2+ 3.338 3.406
13/2+ 1.071. 1.141 29/2+ 3.496 3.472
15/2+ 1.146 1.192 31/2+ 4.145 4.464
17/2+ 1.499 1.426 33/2+ 4.324 4.593
19/2+ 1.736 1.607 37/2+ 4.670 5.824
It is interesting to see that the structures of the level schemes observed in the
two lighter isotones, 135Sb and 137I, persist in 139Cs with two more valence protons.
As regards the mixing ratio for the 9/2+ → 7/2+, 595.4-keV transition in 139Cs,
our calculated value of δ = −3.6 comes close to that predicted for 137I and to the
experimental value −4.2+0.4−0.5, which favors an E2 character for this transition.
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Finally, let us come to the observed levels of 139Cs shown in Fig. 5.14, to which no
spin-parity can be assigned from our experimental data. These cannot be uniquely
matched by a sequence of theoretical states. We therefore report in Table V.4 the
predicted excitation energies of the second and third states with Ipi from 15/2+ up
to 27/2+, which are the most probable candidates for their identiﬁcation. Based
on this table, an attempt at identiﬁcation can be made if we do not go beyond
the second excited states and consider only M1 and/or E2 transitions. With these
assumptions, we may establish a correspondence between the experimental levels at
1.847, 2.391, 2.782, 3.190, and 3.343 MeV and the calculated ones from Ipi = 19/2+
up to Ipi = 27/2+. In this case, the discrepancy between theory and experiment turns
out to be about 100 keV for all levels, except the 19/2+ for which it is around 500
keV. Clearly, for a safer interpretation more experimental data are needed.
Table V.4: Calculated excitation energies (in MeV) of the second and third levels
with Ipi from 15/2+ up to 27/2+ in 139Cs.
Ipi 15/2+ 17/2+ 19/2+ 21/2+ 23/2+ 25/2+ 27/2+
The second level 1.484 1.533 2.345 2.523 2.897 3.265 3.468
The third level 1.753 1.941 2.391 2.682 3.179 3.365 3.673
Using the particle-plus-rotor model for 139Cs, the authors in Ref. [125] predicted
two new levels, 27/2+ at 3142 keV and 29/2+ at 3693 keV, which were unknown in
experiment at that time . These two states may be compared to our new levels at
3337.6 and 3496.1 keV with their spins and parities. Their agreement between theory
and experiment is as good as ours at low spin but the present shell-model calculations
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give better energy splitting than they found, especially at high spin above 15/2+.
5.4 Conclusion
In this chapter, the new level schemes of 134I and two N = 84 isotones, 137I and
139Cs, which have a few nucleons outside the doubly-magic core 132Sn, are presented.
We establish a new high-spin level scheme of 134I for the ﬁrst time. These high-
spin states are proposed to be built on the 8− isomeric state based on their yrast
feature and systematics of neighboring nuclei. Angular correlations are measured for
the 640.2 → 952.4-keV cascade in 134I to determine the spin-parities of the states
of interest. Shell-model calculations based on our level scheme were performed and
good agreement is found for both level energies and spin-parity assignments.
The high-spin structure of the neutron-rich nucleus 139Cs is investigated. The
yrast levels identiﬁed by Nowak et al. are conﬁrmed and extended up to 4670 keV,
with ten new levels and eighteen new deexciting transitions observed. Spins and
parities of levels in 139Cs are ﬁrmly assigned up to 25/2+ experimentally. The mixing
ratio of the 9/2+ → 7/2+, 595.4-keV transition in 139Cs is measured. High-spin states
in the N = 84 isotone 137I are also studied with three new excited levels and four new
deexciting transitions added on the top of the previously known level scheme. The
mixing ratio of the 9/2+ → 7/2+, 554.4-keV transition in 137I is measured as well.
Realistic shell-model calculations are carried out to interpret the structures of 137I
and 139Cs, by choosing 132Sn as a closed core with the valence protons occupying
the ﬁve levels 0g7/2, 1d5/2, 1d3/2, 1s1/2, and 0h11/2 of the 50 − 82 shell, and the two
valence neutrons occupying the six levels 0h9/2, 1f7/2, 1f5/2, 2p3/2, 2p1/2, and 0i13/2
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of the 82 − 126 shell. We have compared the states observed in 137I and 139Cs with
those predicted by the calculations. It turns out that the calculations provide a very
satisfactory description for both isotones, with discrepancies not exceeding 150 keV
for most of the states up to 3.5 MeV. This shows that the interpretation of the low- to
medium-energy spectra of these nuclei is well within the shell-model framework. The
mixing ratio values of the 554.4-keV transition in 137I and the 595.4-keV transition
in 139Cs are well reproduced. However, for levels higher than 33/2+ in both 137I
and 139Cs, larger discrepancies between theory and experiment are found, which may
indicate that excitations outside the chosen model space play an important role for
such states in these two isotones. The present work has provided further evidence for
the similarity of the spectroscopy of the N = 84 isotones, whose structures can be
described in the shell-model framework.
Along with the previous work on 137,138Cs [13] and 134Te, 135I [14], our experimental
data show the power of the shell model to predict the level structures of neutron-rich
nuclei with several nucleons outside the doubly-magic core 132Sn (Z = 50, N = 82).
The current work indicates that the shell model can be used for neutron-rich nuclei
as far as Z = 55 and N = 84, which is of great signiﬁcance for both experiment and
theory.
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CHAPTER VI
g-FACTOR AND SPIN-PARITY ASSIGNMENTS OF EXCITED STATES IN
N = 83 ISOTONES 135Te, 136I, 137Xe, AND 138Cs
6.1 Introduction
As noted in Chapter V, the study of nuclei with several valence nucleons beyond
the doubly-magic core 132Sn (Z = 50, N = 82) is a subject of special interest. In
particular, the magnetic moments of such nuclei provide direct insight into the sin-
gle particle structure of the orbitals outside the major shells. The g-factor is also
sensitive to the two-body interactions of the valence nucleons and their interactions
with the core. Therefore, measurements of g-factors of excited states in isotopes near
the doubly-magic 132Sn core help us to understand the nuclear shell structure in this
region. Moreover, spin-parity assignments of excited states in such nuclei provide im-
portant tests of shell-model calculations. A new technique was developed to measure
the g-factors of some states of interest in 134Te and 135I [14], and neutron-rich Xe, Ba,
and Ce isotopes [33]. Some details of this method can be found in Subsection 3.4.3
and more information in Refs. [8, 30, 31]. The previously unknown g-factor of the
15/2− state in 137Xe is measured by using this technique. The experimental g-factor
is reproduced very well by shell-model calculations with a two-body eﬀective interac-
tion derived from the CD-Bonn nucleon-nucleon potential. In addition, the measured
angular correlation coeﬃcients are used to assign and conﬁrm spins and parities of
several levels in four N = 83 isotones, 135Te, 136I, 137Xe, and 138Cs, which are also
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supported by shell-model calculations reported here.
6.2 Experimental results
The methods mentioned in Subsection 3.4.3 have been used to perform angular
correlation studies for these four N = 83 isotones, 135Te, 136I, 137Xe, and 138Cs, and
to measure the g-factor of the 15/2− state in 137Xe. The experimental results are
reported as follows.
Figure 6.1 shows the partial level schemes of 135Te, 136I, 137Xe, and 138Cs. The
spins and parities assigned to some of the states are determined by the measured
angular correlations. The details of the assignments for levels and the measurement
of the g-factor of the 15/2− state in 137Xe will be discussed below. The results of the
angular correlations are summarized in Table VI.1.
For 135Te, the measured A2 and A4 for the 325.0 → 1180.3-keV cascade are
0.097(6) and 0.007(9), respectively, which are obtained from the angular correlation
shown in Fig. 6.2. The A2 and A4 here are consistent with the theoretical values
0.102 and 0.009 for a pure quadrupole → quadrupole cascade. Because of the yrast
feature and high-spin character of the 1180.3- and 1505.3-keV levels, these two tran-
sitions are of E2 character. Therefore, with the known spin-parity of the ground
state as 7/2−, the spins and parities of the 1180.3- and 1505.3-keV levels are as-
signed as 11/2− and 15/2−, respectively, which agrees with the previous shell-model
predictions [54, 126,127].
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Figure 6.1: Partial level schemes of 135Te, 136I, 137Xe, and 138Cs with spins and parities
assigned in this work. Data are taken from Refs. [13, 54, 101, 107, 126, 128] and the
present work.
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Figure 6.2: Angular correlation for the 325.0→ 1180.3-keV cascade in 135Te.
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Table VI.1: Angular correlations measured in 135Te, 136I, 137Xe, and 138Cs. Atheory2 and A
theory
4 for a pure quadrupole →
quadrupole and pure dipole → quadrupole cascades are indicated. The additional gates used for better selectivity are listed.
Nucleus Cascade (keV) Spin sequence Aexp2 , A
exp
4 A
theory
2 , A
theory
4 Additional gates (keV)
135Te 325.0→ 1180.3 15/2− → 11/2− → 7/2− 0.097(6), 0.007(9) 0.102, 0.009 None
136I 260.7→ 1111.8 11− → 9− → 7− 0.101(6), 0.009(10) 0.102, 0.009 None
137Xe 400.1→ 1220.2 15/2− → 11/2− → 7/2− 0.103(5), 0.012(8) 0.102, 0.009 314.2, 1046.6, 311.7, 1091.5,
240.8, 422.3, 150.4, 236.6
314.2→ 400.1 19/2− → 15/2− → 11/2− 0.072(7), 0.014(10) 0.102, 0.009 None
311.7→ 1046.6 27/2− → 23/2− → 19/2− 0.091(13), 0.009(19) 0.102, 0.009 1200.2, 400.1, 314.2, 1091.5,
304.9, 240.8, 150.4, 236.6
138Cs 185.5→ 1156.9 10− → 9− → 7− -0.076(23), -0.007(34) -0.071, 0.0 174.5, 236.0, 84.7, 895.5,
137.3, 222.0
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For 136I, the measured A2 and A4 for the 260.7→ 1111.8-keV cascade are 0.101(6)
and 0.009(10), respectively, which are obtained from the angular correlation shown
in Fig. 6.3. The A2 and A4 values here are consistent with the theoretical ones of
A2 = 0.102 and A4 = 0.009 for a pure quadrupole→ quadrupole cascade. Because the
high-spin states in 136I were proposed to be built on the 7− isomeric state [54,101], 9−
and 11− are assigned to the (X + 1111.8)- and (X + 1372.5)-keV levels, respectively,
which conﬁrms the previous calculated results in the shell-model framework [54,127].
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Figure 6.3: Angular correlation for the 260.7→ 1111.8-keV cascade in 136I.
For 137Xe, the measured A2 and A4 for the 400.1 → 1220.2-keV cascade are
0.103(5) and 0.012(8), respectively, which are obtained from the angular correlation
shown in Fig. 6.4. These values are consistent with Atheory2 = 0.102 and A
theory
4 = 0.009
for a pure quadrupole→ quadrupole cascade, which indicates the 15/2− → 11/2− →
7/2− cascade is unattenuated.
However, an attenuation seems to occur in the angular correlation of the 314.2→
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Figure 6.4: Angular correlation for the 400.1→ 1220.2-keV cascade in 137Xe.
400.1-keV cascade in 137Xe, as presented in Fig. 6.5, because the spin-parity sequence
of 19/2− → 15/2− → 11/2− was ﬁrmly assigned to this cascade in experiment [128]
and theory [127] and the multipolarities of these two transitions were determined as
E2 [128]. To extract the g-factor from the attenuation, the hyperﬁne ﬁeld acting on
the nucleus and the lifetime of the state must be known. The comprehensive hyperﬁne
ﬁeld compilation in Ref. [35] provides a wide range of ﬁelds for Xe in the iron host for
samples with diﬀerent preparation methods and at diﬀerent temperatures. As was
discussed in one previous paper [33], we adopt the BHF(Xe) value as 73(8) T given in
Ref. [35]. The g-factors in heavier Xe isotopes extracted by using BHF(Xe) = 73(8)
T were predicted by IBM-2 very well in Ref. [33]. There is no measured value of the
lifetime of the 15/2− level. As in the report for the g-factor of the 15/2+ state in
135I [14], shell-model calculations are used to obtain the lifetime of the 15/2− state
in 137Xe. The lifetime of the 15/2− state is calculated to be 0.6 ns. The details of
the calculations will be presented in the following section. Thus, with the measured
attenuation factor G2 = 0.71(7), the absolute value of the g-factor of the 15/2
− state
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in 137Xe is obtained as 0.26(5), by using Eqs. (3.5) and (3.7).
)θcos(-1 -0.5 0 0.5 1
R
el
at
iv
e 
In
te
ns
ity
310
320
330
340
350
360
E: 314.2-400.1
A2= 0.072(7)
A4= 0.014(10)
Figure 6.5: Angular correlation for the 314.2 → 400.1-keV cascade in 137Xe. An
attenuation is observed.
For the spin-parity assignment of the 2981.1-keV level in 137Xe, one can use the
correlation of the 1046.6→ 314.2-keV cascade because the multipolarity of the 314.2-
keV transition is known to be E2 [128]. However, the 1934.5-keV, 19/2− level has a
lifetime of 11.7(6) ns [129], which makes the angular correlation of the 1046.6→ 314.2-
keV cascade heavily attenuated. Then we choose the 311.7→ 1046.6-keV cascade and
measure the correlation between these two transitions to determine the multipolarity
of the 1046.6-keV transition, since the 311.7-keV transition is known to have an
E2 character from linear polarization measurements [128]. The correlation shown
in Fig. 6.6 gives the A2 and A4 values as 0.091(13), 0.009(19). These values are in
good agreement with theory for a pure quadrupole → quadrupole cascade. On the
basis of the E2 character for the 311.7-keV transition and the yrast character for
the 2981.1-keV level, we conclude that the 1046.6-keV transition is of E2 character.
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Thus, 23/2− is assigned to the 2981.1-keV level, populating the 19/2− level of energy
1934.5-keV. We are also able to assign 27/2− to the 3292.8-keV level according to
the above discussion. The assignments of 23/2− to the 2981.1-keV and 27/2− to the
3292.8-keV levels are consistent with the tentative experimental results [128], as well
as the theoretical predictions [127].
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Figure 6.6: Angular correlation for the 311.7→ 1046.6-keV cascade in 137Xe.
For 138Cs, Li et al. [13] measured the angular correlation for the 1156.9→ 174.5-
keV cascade by using the same method as in the present work to be A2 = −0.07(1)
and A4 = −0.02(2). These results are consistent with the theoretical A2 and A4 values
for a pure quadrupole→ dipole (9− → 7− → 6−) cascade as predicted by shell-model
calculations [13]. However, the angular correlation results can not exclude some
quadrupole mixing in the 7− → 6− transition. Here, the correlation of the 185.5 →
1156.9-keV cascade is obtained as A2 = −0.076(23) and A4 = −0.007(34) in Fig. 6.7.
With the known multipolarity of the 1156.9-keV transition as E2, the multipolarity of
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the 185.5-keV transition is assigned as mainly M1, since this result agrees very well
with shell-model calculations in Refs. [13, 107] and the present calculations which
predict the spin-parity of the 1596.8-keV level to be 10−. An E1 assignment is not
excluded experimentally, but it disagrees with the theory.
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Figure 6.7: Angular correlation for the 185.5→ 1156.9-keV cascade in 138Cs.
6.3 Shell-model interpretations
In this section we shall give a shell-model interpretation of the level schemes of the
N = 83 isotones. The levels of 135Te, 136I, 137Xe, and 138Cs shown in Fig. 6.1 will be
discussed, focusing attention on changes in the wave functions induced by the valence
neutron beyond N = 82 as well as by the increase in the number of protons. To
investigate this issue, we also discuss the level schemes of the corresponding N = 82
isotopes.
As in previous calculations, the valence neutron is assumed to occupy the six levels
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1f7/2, 2p3/2, 0h9/2, 2p1/2, 1f5/2, and 0i13/2 of the 82− 126 shell, while for protons the
model space includes the ﬁve levels 0g7/2, 1d5/2, 1d3/2, 2s1/2, and 0h11/2 of the 50−82
shell.
The Hamiltonian, which is the same as that of the previous shell-model studies on
132Sn neighbors by the Napoli group [117,120,130,131], contains a two-body eﬀective
interaction derived from the CD-Bonn nucleon-nucleon potential [132]. The strong
short-range repulsion of the latter is renormalized by constructing a smooth low-
momentum potential Vlow−k [133], that is used directly as input for the calculation of
the eﬀective interaction within the framework of the Qˆ-box folded-diagram expansion
[116]. Details on the derivation of the two-body eﬀective interaction, as well as on the
adopted single-proton and -neutron energies, can be found in Refs. [120] and [117],
respectively. The shell-model calculations have been performed using the OXBASH
computer code [134].
The experimental and calculated levels of 135Te and 137Xe are compared in Fig. 6.8,
where we also report their “parent” states in 134Te and 136Xe. With respect to the
levels in Fig. 6.1, we have added the second 19/2− state in 135Te and the second 19/2−
and 23/2− states in 137Xe [126,128].
We start discussion by noting the close correspondence between the level struc-
tures of 134Te and 135Te. Basically, from the current calculations it turns out that
the states of 135Te result essentially from the maximum spin alignment of a 1f7/2
neutron with the 0+, 2+, 4+, 6+1 , 6
+
2 , and 9
− states of 134Te, which are all domi-
nated by a single conﬁguration. More precisely, the lowest four states of 134Te arise
from the pi(0g7/2)
2 conﬁguration while the 6+2 and 9
− states from the pi0g7/21d5/2 and
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Figure 6.8: Experimental and theoretical levels in 134Te, 135Te, 136Xe, and 137Xe. Data
are taken from Refs. [53, 54, 126,128,135] and the present work.
pi0g7/20h11/2 conﬁgurations, respectively. The diﬀerent nature of the two 6
+ states is
conﬁrmed by the diﬀerent values of the measured half-lives [66], 164.1(9) ns for the
ﬁrst and an upper limit of 16 ps for the second. The calculated values, 185 ns and 2
ps, are in good agreement with experiment. As for the 19/2− states in 135Te, which
are found to preserve the proton structure of the two 6+ states, only the half-life of
the lowest one has been measured [66] and its value is 0.511(20) µs, rather close to
that of the ﬁrst 6+ state. The calculated half-life, 0.595 µs, compares well with the
experimental one. For the second 19/2− state, a value on the order of a picosecond
is predicted, which is consistent with the half-life of the second 6+ state. The E2
transition rates have been calculated using eﬀective proton and neutron charges of
1.55e and 0.7e [119], while the M1 transition rates with an eﬀective M1 operator
which accounts for core-polarization eﬀects [119]. The γ-ray energies are taken from
experiment.
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It is worth mentioning that the presence of an additional neutron in 135Te favors
conﬁguration mixing. The wave functions of the states in 134Te are found to have
a percentage of dominant conﬁguration ranging from 80 to 100% while these limits
decrease to 74 and 82% for 135Te. As regards the agreement between the experimental
and calculated excitation energies, we ﬁnd that the energies of 134Te are very well
reproduced, while for 135Te a slightly expanded spectrum is predicted with a somewhat
larger discrepancy for the 25/2+ state.
136Xe and 137Xe have an additional pair of protons with respect to the Te isotopes
discussed above. This is reﬂected in 136Xe by the presence of seniority-four states
just above the second 6+ state. These 8+1 , 8
+
2 , and 10
+ states arise mainly from
the pi(0g7/2)
4, pi(0g7/2)
31d5/2, and pi(0g7/2)
2(1d5/2)
2 conﬁgurations, respectively, with
a percentage of minor components less than 9%. The structures of the lowest ﬁve
states in 136Xe are quite similar to those of the corresponding states in 134Te, with two
additional protons in the 0g7/2 level. However, the wave functions of the
136Xe states
have a larger conﬁguration mixing, where the percentage of the dominant component
ranges from 55 to 79%.
As the case for 135Te, each level of 137Xe in Fig. 6.8 results from the maximum spin
alignment of a 1f7/2 neutron and a
136Xe state, although here conﬁguration mixing
plays a more prominent role. This is particularly true for the two 19/2− and the two
23/2− states. As an example, the calculated wave functions of the two 19/2− states
together with those of the two 6+ states in 136Xe are reported in Table VI.2. One sees
that neither of the two states in 137Xe preserves the simple proton structure of the
6+ states but they both are strongly mixed. The measured half-lives are consistent
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with these ﬁndings. The value measured for the ﬁrst 19/2− state, 8.1(4) ns [129], is
indeed diﬀerent from the half-lives of the ﬁrst and second 6+ states, which are 2.95(9)
µs and ≤ 50 ps, respectively. No experimental value is available for the second 19/2−
state. It is worth mentioning that the present calculated half-lives for the 6+ states
in 136Xe states are 1 µs and 13 ps, in agreement with experiment, while the value for
the ﬁrst 19/2− is one order of magnitude larger than experiment. However, assuming
that the predicted ordering of the two 19/2− states is not right, the second calculated
state would correspond to the ﬁrst observed one with a calculated half-life of 7 ns,
which is quite close to the experimental value.
Table VI.2: Wave functions of the two 6+ states in 136Xe and the two 19/2− states in
137Xe (components with a percentage smaller than 10% are omitted).
Nucleus Ipi Conﬁguration Probability
136Xe 6+1 pi(0g7/2)
4 77
6+2 pi(0g7/2)
31d5/2 79
137Xe (19
2
−
)1 pi(0g7/2)
4ν1f7/2 30
pi(0g7/2)
31d5/2ν1f7/2 44
(19
2
−
)2 pi(0g7/2)
4ν1f7/2 38
pi(0g7/2)
31d5/2ν1f7/2 36
The calculated value of the g-factor for the 15/2− state in 137Xe, which has been
measured for the ﬁrst time in the present experiment is +0.31, which agrees very well
with the measured value |g| = 0.26(5).
In Fig. 6.9, the calculated and experimental levels of 136I and 138Cs are shown,
together with those of the two corresponding N = 82 isotones. Note that for 136I and
135
138Cs, the spectra are not relative to the ground states but to the 7− and 6− isomeric
states, respectively. It should be mentioned that some of the theoretical results for
136I have been discussed in a recent paper [136] by the Napoli group.
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Figure 6.9: Experimental and theoretical levels in 135,136I and 137,138Cs. Data are
taken from Refs. [13, 53, 54,101,107,135] and the present work.
It turns out that the 7−, 9−, and 11− states of 136I are dominated by the pi(0g7/2)3ν1f7/2
conﬁguration with a percentage from 71 to 81%, while the 12− state arises (99%) from
the pi(0g7/2)
21d5/2ν1f7/2 conﬁguration. They all have the maximum I resulting from
the coupling of a 1f7/2 neutron to the 7/2
+, 11/2+, 15/2+, and 17/2+ states of 135I.
As for 137,138Cs, they have been the subject of the previous study in Ref. [13], where
high-spin level energies were measured and compared with results of a shell-model
calculation using the same Hamiltonian as in the present work. As shown in Fig. 6.9,
the 12− yrast state in 138Cs has been located [13] at about 100 keV above the 11− one,
and the calculated energy is in very good agreement with the experimental value. The
11− state decays to the 10− state, which arises from the maximum spin alignment of
a 1f7/2 neutron and the yrast 13/2
+ state in 137Cs. The latter, which is still missing
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in the experimental spectrum, is predicted at 1.95 MeV excitation energy with a wave
function composed mainly of the pi(0g7/2)
41d5/2 conﬁguration. It is worth mentioning
that a 10− state, which does not have an experimental counterpart, is predicted in
136I, just a few tens of keV above the 11− state. The probability of the E2 transition
12− → 10− is calculated to have a value which is more than two orders of magnitude
smaller than that of the E2/M1 transition 12− → 11−.
Finally, one sees that the two cascades in 136I and 138Cs end in two diﬀerent
isomeric states. For 136I the position of the 6− state is unknown and that of the
7− state with respect to the ground state is still controversial [101, 137]. The non
observation of the 6− state in the present experiment may imply that it lies either
above the 7− state or very close to it. The present calculations support the second
alternative because the 6− state has been predicted at 30 keV below the 7− one, while
30 keV is the detection energy cut-oﬀ in the present experiment.
6.4 Conclusion
The knowledge of g-factors in isotopes with several nucleons outside the doubly-
magic core 132Sn is extended with the ﬁrst measurement of the g-factor of the 15/2−
state in 137Xe. Our result is in good agreement with shell-model calculations. Based
on observed angular correlations, spins and parities are assigned to several levels in
the N = 83 isotones 135Te, 136I, 137Xe, and 138Cs. These assignments are in agreement
with the previous experimental results and shell-model predictions. The present shell-
model calculations also show conﬁguration mixing in these nuclei caused by one more
neutron than their corresponding N = 82 isotopes and the increasing proton numbers.
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CHAPTER VII
EVIDENCE FOR OCTUPOLE CORRELATIONS IN 140,142Cs
7.1 Introduction
Neutron-rich Cs (Z = 55) isotopes with mass numbers from 137 to 145 have ﬁve
protons beyond the 50 proton major shell and the neutron number is located between
the 82 and 126 neutron closed shells. High-spin states in these nuclei have been
studied from the spontaneous ﬁssion of 248Cm [98,104,107,138], 252Cf [13,60,61,139],
and deep inelastic transfer reactions [106]. Nuclear shapes in these neutron-rich Cs
isotopes are expected to change gradually from a spherical shape in 137,138,139Cs [13,
98,106,107,139]to a weak deformed shape in 140,141,142Cs [60,61,104,138] and then to a
well deformed shape in 143,144,145Cs [61,104,138]. Octupole correlations were observed
in 141Cs [60] and 143Cs [104]. In this work, octupole correlations are extended to
140,142Cs [108,109] from the analysis of 252Cf spontaneous ﬁssion data.
The odd-odd isotopes 140Cs85 and
142Cs87 have three and ﬁve neutrons outside the
N = 82 cloesd shell, respectively, and are close to the octupole deformation/correlation
region centered around Z = 56, N = 88 [22,23,140–143]. Possible octupole deforma-
tions were proposed in the Cs isotopes at N = 85 − 88 in Ref. [144], based on the
observation of inverted staggering of the odd-even eﬀect in the diﬀerential radii in the
Cs isotopes. Urban et al. reported the observation of octupole correlations in 143Cs
and tentative results in 141Cs [104]. Recently our group proposed parity doublets in
141Cs [60], with the simplex quantum numbers s = +i and s = −i.
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The β decay of 140Xe [66] and ﬁssion of 252Cf [61] have been used to populate
excited states in 140Cs. Many transitions at low excitation energy were observed
in the β decay of 140Xe [66]. A few high-spin levels were identiﬁed in 140Cs in the
spontaneous ﬁssion of 252Cf by Hwang et al. [61]. In this work, we report a new level
scheme for 140Cs based on the results in Ref. [61]. We observe seven new transitions
at low and moderate spin and thirteen at high spin. The new structure is proposed
to be related to octupole correlations .
A high-spin level scheme of 142Cs was reported in Ref. [61] involving six transitions
of energies 97.3, 205.6, 404.7, 544.9, 699.9, and 787.0 keV out of the yrast band and
seven other transitions. No nuclear structure was discussed further by the authors. By
means of our new and higher-statistics data, a new level scheme for 142Cs is proposed.
Spin-parities are assigned to levels based on some angular correlation measurements
and systematics of neighboring nuclei. The new level structure of 142Cs shows evidence
for the existence of octupole correlations.
In a reﬂection-asymmetric nuclear mean ﬁeld, an electric dipole moment D0 may
occur as a diﬀerence of the interference terms between quadrupole Y20 and octupole
Y30 shape vibrations for protons or neutrons. One expects to see signiﬁcantly largerD0
in nuclei with octupole correlations than those without octupole correlations. It is of
interest to compare the D0 values for the Cs isotopes with octupole correlations with
those for other neighboring isotopes with octupole deformations/correlations. The
D0 values for
140,142Cs are determined using the corresponding branching ratios from
the same spin states. A dramatic decrease of D0 with increasing neutron numbers in
the Cs isotopic chain is found, as proposed in Ref. [60].
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7.2 Experimental results
7.2.1 140Cs
The level scheme of 140Cs proposed by Hwang et al. [61] was solely based on the
observation of an 80.1-keV transition in the ﬁssion data, which has the same energy
as the one found in the previous β-decay studies of 140Xe to 140Cs [66]. Here, a
measurement is undertaken to ﬁrmly establish the mass number of the transitions
proposed in Ref. [61], as reported in Subsection 5.3.1.
The level scheme of 140Cs reported in Ref. [61] is extended and a side-band is
proposed. The coincidence spectrum, created by double gating on the 80.1- and
563.6-keV transitions [61], is shown in Fig. 7.1. In addition to previously known
transitions in Tc isotopes and 140Cs, one clearly sees ﬁve new transitions of energies
35.5, 54.8, 90.3, 551.2, and 552.6 keV, the latter two forming a doublet. To further
conﬁrm the existence and positions of the above ﬁve new transitions, two spectra are
obtained, as presented in Fig. 7.2, where the gate transitions are indicated. Figure
7.2 (a), gated on the known 594.3- and 640.9-keV transitions in 140Cs, shows the
coincidence relationship among known transitions in 107,108,109Tc and 140Cs, and the
newly observed transitions, such as the 35.5-, 54.8-, and 90.3-keV transitions and two
others of energies 472.5 and 702.2 keV. The spectrum, gated on the new 551.2-keV
and known 563.6-keV transitions, is given in Fig.7.2 (b), where the new transitions
of energies 35.5, 552.6, 652.6, and 876.5 keV are seen. Note that the new 54.8-keV
transition seen in Fig.7.2 (a) is not found in Fig.7.2 (b). This observation is very
important for us to place newly observed transitions in the level scheme of 140Cs.
140
Figure 7.1: Coincidence spectrum double gated on the 80.1- and 563.6-keV transitions
in 140Cs [61]. The new transitions are marked with an asterisk.
Figure 7.2: Coincidence spectra double gated on transitions in 140Cs. The newly
identiﬁed transitions are marked with an asterisk. A dashed line is drawn to illuminate
the position of the 54.8-keV transition.
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Careful cross-checking of numerous coincidence spectra leads to the ﬁnal transition
identiﬁcations and placements in the level scheme of 140Cs. Eight new excited levels
with thirteen new de-exciting transitions at high spin and three new excited levels
with seven new deexciting transitions at low and moderate spin are observed. The
level scheme of 140Cs is presented in Fig. 7.3, where excited states are extended up to
3794 keV with a new side-band (band 3).
Figure 7.3: The new level scheme of 140Cs. Energies are in keV and the width of
the arrow is proportional to the corresponding γ-ray intensity. The newly observed
transitions are marked with an asterisk. The level energies are relative to that of the
(3−) state.
142
Angular correlations are measured for some strong transitions in Fig. 7.3. The
measured A2 and A4 values for the 640.9 → 594.3- and 454.7 → 594.3-keV cascades
are shown in Figs. 7.4 and 7.5, respectively. These data are consistent with a ∆I = 2
character of the 594.3- and 640.9-keV transitions and a ∆I = 1 character of the
454.7-keV transition [3, 5], which allow us to assign spin-parities to levels relative to
Ipi of the 249.7-keV level, populated by the 594.3-keV transition.
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Figure 7.4: Angular correlation for the 640.9→ 594.3-keV cascade in 140Cs.
It is assumed that spin values increase with increasing excitation energies, as
commonly observed in ﬁssion products at high spin. We argue that the 594.3- and
640.9-keV transitions have a stretched E2 multipolarity and the 454.7-keV transition
has an E2/M1 mixed multipolarity. Consequently, multipolarities of other upper
crossover transitions above the 194.9-keV level in bands 1 and 2 are proposed to be
stretched E2, whereas those of the linking transitions are E2/M1, by considering the
multipolarity of the 54.8-keV transition as E2/M1. As will be discussed in Subsection
143
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Figure 7.5: Angular correlation for the 454.7→ 594.3-keV cascade in 140Cs.
7.3.1, the very probable Ipi assignments for the 249.7- and 194.9-keV levels are 7−
and 6−, respectively. So, spins and parities can be assigned to the levels above the
249.7-keV level, as present in Fig. 7.3, based on their multipolarites proposed above
and the detailed systematics analysis below. Spins and parities are assigned to the
levels in band 3, according to the proposal in Subsection 7.3.1 that band 3 along with
band 1 forms an octupole s = +1 doublet.
7.2.2 142Cs
As argued in Chapter V on the nuclear structure of 139Cs, a group of transitions
previously assigned to 139Cs by Hwang et al. [61] belong to 142Cs. This assignment is
based on the measurement that yields the ﬁssion yield ratio of 107Tc [64] to 108Tc [65]
in the 218.6/408.6-keV [61] double gate, 0.49(7), consistent with the value of 0.47(7)
for 142Cs.
Careful examinations and back-ground subtractions of several coincidence spectra
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reveal that the peak observed around 97 keV in the 408.6/218.3-keV gate is 96.9 keV,
not the same as the one of energy 97.3 keV observed in the 404.8/205.6-keV gate. The
coincidence spectra double gated on the 218.3/96.9- and 205.6/97.3-keV transitions
show the newly identiﬁed transitions, especially these of energies 269.5, 757.9, 299.1,
821.5, 744.4, 457.6, and 584.4 keV, as presented in Fig. 7.6. Two additional spectra are
shown in Fig. 7.7 to provide more evidence for the new transitions. The observation
of the 457.6-keV transition in Figs. 7.6 (a) and 7.7 (a) helps us to properly place the
transitions previously assigned to 139Cs in Ref. [61].
Figure 7.6: Coincidence spectra double gated on the 96.9/218.3- and 97.3/205.6-keV
transitions in 142Cs. The transitions marked with two asterisks are those previously
assigned to 139Cs in Ref. [61], but now to 142Cs. The newly identiﬁed transitions are
marked with an asterisk.
We learned of the work of Rza¸ca-Urban et al. on the level scheme of 142Cs [145],
where two low-energy transitions of energies 25.3 and 26.4 keV were observed. How-
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Figure 7.7: Coincidence spectra double gated on the 408.6/548.8- and 717.2/327.2-
keV transitions provide evidence for the newly identiﬁed transitions marked with an
asterisk. Contamination from the 2+ → 0+ transition of energy 258.2 keV in 146Ce
is indicated in (a) because the gate energy 408.6 keV is very close to the 4+ → 2+
transition of energy 409.6 keV in 146Ce.
ever, we can conﬁrm/not conﬁrm these two transitions because they are well below
our detection energy cut-oﬀ of 30 keV. Since they were identiﬁed in the spectrum
measured with low-energy photon spectrometers (LEPSs) in Ref. [145] and the three
transitions of energies 192.1, 395.1, and 539.1 keV interlacing bands 1 and 2 (see
Fig. 7.8) are also seen in our data, as shown in Figs. 7.6 (b) and 7.7 (a), we accept
the placements of the transitions at low spin as reported in Ref. [145]. With the re-
assignment of the transitions in 139Cs in Ref. [61] to 142Cs, the level scheme of 142Cs is
presented in Fig. 7.8, having thirty-seven new transitions more than those in Ref. [61]
and seven new levels with seventeen new transitions more than those in Ref. [145].
The measured angular correlation coeﬃcients for cascades in 142Cs are summa-
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rized in Table VII.1, where the corresponding theoretical values [3, 5] are also listed.
Note that no angular correlation including the 205.6-keV transition is measured be-
cause the 204.8-keV transition in 106Tc (4n partner) [64], the 206.0- and 207.5-keV
transitions in 107Tc (3n partner) [64], and the 204.0-keV transition in 108Tc (2n part-
ner) [65] contribute to the 205.6-keV transition and contaminate it. This transition
was proposed to have an E2 multipolarity in Ref. [145], which is adopted here. More
details of the spin-parity assignments in 142Cs will be given in Subsection 7.3.2.
Figure 7.8: The new level scheme of 142Cs. Energies are in keV. Two sets of parity
doublets are observed. The unknown energy of the isomer is shown as zero. Its energy
should be added to the level energies shown here when this energy is known.
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Table VII.1: Angular correlations measured for cascades in 142Cs. Atheory2 and A
theory
4
for a pure quadrupole → quadrupole and pure dipole → quadrupole cascades are
indicated. Multipolarities for the transitions are assigned.
Cascade (keV) Aexp2 , A
exp
4 A
theory
2 , A
theory
4 Multipolarity
218.3→ 96.9 0.11(2), -0.02(3) 0.102, 0 E2→ E2
408.6→ 218.3 0.086(19), 0.032(29) 0.102, 0 E2→ E2
548.8→ 408.6 0.093(25), -0.010(39) 0.102, 0 E2→ E2
544.9→ 404.8 0.104(16), 0.001(24) 0.102, 0 E2→ E2
715.8→ 404.8 -0.052(30), -0.003(45) -0.071, 0 E1→ E2
618.8→ 408.6 -0.078(38), -0.022(59) -0.071, 0 E1→ E2
7.3 Discussion
7.3.1 140Cs
The ground state of 140Cs was reported to have a spin-parity of 1− [66]. A
conﬁguration pi(1g7/2)
−3ν(2f7/2)3 was assigned to the 1− ground state [146]. Note
that one can write the g7/2 proton conﬁguration as pi(1g7/2)
−3 or pi(1g7/2)5. The
neighboring odd-odd Cs isotopes, 136Cs, 138Cs and 142Cs, have ground states of 5−,
3−, and 0−, respectively [66]. The 5− ground state of 136Cs was reported to be a
pi(1g7/2)
−3
7/2ν(2d3/2)
−1 conﬁguration, which is formed by coupling the ground state of
135Cs with the ground state of 135Xe. An 8− isomeric state in 136Cs was observed
with the pi(1g7/2)
−3
7/2ν(1h11/2)
−1 conﬁguration [66], by coupling the ground state of
135Cs with the 11/2− isomer of 135Xe. The 3− ground state in 138Cs was related to
the conﬁguration pi(1g7/2)
5ν2f7/2 [147]. An isomer of 6
− was identiﬁed in 138Cs and
interpreted to be either a pi(1g7/2)
5ν2f7/2 in Ref. [13] or pi(1g7/2)
42d5/2ν2f7/2 domi-
nating conﬁguration in Ref. [107]. With a further addition of two neutrons to 140Cs,
the conﬁguration pi(1g7/2)
−3ν(2f7/2)−3 was proposed to form the main component
148
in the nuclear wave function of the 0− ground state in 142Cs [146]. As regards to
odd-odd N = 85 isotones, 136Sb has a 1− ground state and a (6−) isomer, both of
which are likely to be members of the pi1g7/2ν(2f7/2)
3 multiplet [148, 149]. For the
ground state of 138I, both 0− and 1− seem to be possible based on shell-model cal-
culations but neither was observed experimentally [93]. A (3−) isomer was proposed
in Ref. [93] as a [pi1g7/2ν2f7/2]j member. The spins and parities of the ground states
of 142La and 144Pr were reported to be 2− and 0−, respectively, from the β-decay
studies [66]. The spin-parity of the ground state of 146Pm was determined to be 3− in
the β-decay studies [150,151], without providing a conﬁguration explanation. A (9+)
isomer at 872.9 keV in 146Pm was accounted for by a conﬁguration pi1h11/2ν(2f7/2)
3
7/2
in analogy with the corresponding levels in 148Eu and 150Tb [152]. The predominant
conﬁguration of the 5− ground state of 148Eu is pi(2d5/2)−1ν(2f7/2)37/2 [153], by cou-
pling the ground state of 147Eu to that of 147Sm. An isomeric state was observed with
a
[
pi1h11/2(2d5/2)
−2
0 ν(2f7/2)
3
7/2
]
9+
conﬁguration from the coupling of the 11/2− isomer
in 147Eu with the ground state of 147Sm [153,154]. On the basis of the above systemat-
ics, it is reasonable to interpret the 1− ground state in 140Cs as pi(1g7/2)57/2ν(2f7/2)
3
3/2,
by coupling the ground state of 139Cs [139] to that of 139Xe [155,156].
High-spin states have been observed in odd-A, N = 85 isotones, such as 138I,
146Pm, and 148Eu, in which high-spin levels are built on the (3−), (9+), and 9+ isomers,
respectively [93,152,154]. In the latter two nuclei, levels in the 13+ → 11+ → 9+ cas-
cade are members of the pi1h11/2(2d5/2)
−2
0 ν(2f7/2)
3
7/2,11/2,15/2 multiplet, whereas those
in the 14+ → 12+ → 10+ cascade are members of the pi1h11/2(2d5/2)−20 ν1h9/2(2f7/2)20,2,4
multiplet. These two cascades are connected by ∆I = 1 linking transitions. It is
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worth mentioning that the 10+ level decays to not only the 9+ level but also to an
8+ level, 8 keV above the 9+ level, in 148Eu, which is not seen in 146Pm. However,
the conﬁguration of this 8+ state was not clearly explained in Ref. [154]. It might
be formed by coupling the 1h11/2 proton to the (2f7/2)
3
5/2 neutron. Also
138I has two
∆I = 2 cascades, (11−) → (9−) → (7−) and (12−) → (10−) → (8−), connected
by ∆I = 1 transitions [93]. All of these levels were interpreted as members of the
[pi1g7/2ν2f7/2]j multiplet in Ref. [93]. It is also very interesting to observe a (6
−) level
in 138I, connected to the 8−, 7−, and 5− levels by the 425.5-, 65.6-, and 68.2-keV tran-
sitions, respectively. The level at 194.9 keV in 140Cs is quite similar to this 6− level
in 138I, connected to the 746.1-, 249.7-, and 159.5-keV levels by the 551.2-, 54.8-, and
35.5-keV transitions, respectively, as shown in Fig. 7.3. This similarity may indicate
that levels in bands 1 and 2 in 140Cs have the same conﬁguration, as proposed in 138I.
Since no isomer like the 11/2− level in 145Pm and 147Eu has been identiﬁed in 139Cs,
we do not think either the 249.7- or 194.9-keV level is an isomeric state, diﬀerent
from the (9+) and 9+ states in 146Pm and 148Eu on which high-spin states are built,
respectively. The same conclusion can be drawn in 138I and is supported by Ref. [93],
because one has not observed an isomeric state at high spin in 137I either [139]. There-
fore, we may argue that the 249.7-keV level has a pi(1g7/2)
5
7/2ν(2f7/2)
3
7/2conﬁguration,
which comes from the coupling of the 7/2+ ground state of 139Cs [139] with the 7/2+
state of 139Xe. This level, 22.8 keV above the 3/2− ground state, is one member of
the ν(2f7/2)
3
3/2,5/2,7/2 multiplet, which is a common feature of the N = 85 even-odd
nuclei. High-spin states in 139Xe are built on this level [155, 156]. The systematics
of even-odd and odd-odd N = 85 nuclei, presented in Fig. 7.9, supports such an
150
argument. If one considers the maximum aligned coupling of the 7/2+ ground state
of 139Cs [139] with the 7/2− state of 139Xe, one will obtain a (7−) spin-parity for the
249.7-keV level in 140Cs, which is analogous to the (X + 295)-keV level in 138I.
0
1
2
3
(2d5/2)
-2
0
1h11/2
(2d5/2)
-2
0
j-4
0
1h11/2
j-4
0
(1g7/2)
-2
0
(1g7/2)
5
7/2
(1g7/2)
4
0
(1g7/2)
3
7/2
(1g7/2)
2
0
(2f7/2)
3
15/2
(2f7/2)
3
11/2
149
64 Gd
147
62 Sm
148
63 Eu
146
61 Pm
145
60 Nd
141
56 Ba
140
55 Cs
139
54 Xe
138
53 I
 
 
Ex
ci
ta
tio
n 
En
er
gy
 (M
eV
)
N=85 Isotopes
137
52 Te
(2f7/2)
3
7/2
 core
Figure 7.9: Comparison of ν(2f7/2)
3
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However, the spin-parity of the 80.1-keV level known from the β-decay studies,
either 1− or 0− [66], can not be derived with the assumption that the 54.8- and 35.5-
keV transitions are of ∆I = 1 character, unless the 79.4-keV transition is of ∆I = 4
character. There may be three possible explanations for this discrepancy. First, the
54.8- and 35.5-keV transitions may be of ∆I = 2 character, which makes the 194.9-
and 159.5-keV levels of spins 5 and 3, respectively. Then a spin 1 might be assigned
to the 80.1-keV level by assuming that the spin carried by the 79.4-keV transition is
2. However, ∆I = 2 for the 54.8 transitions is not reasonable, as discussed above and
151
below in detail. Second, the coupling of the 7/2+ ground state of 139Cs [139] with the
7/2+ state of 139Xe may be non-stretched, which gives a spin smaller than 7, like 5.
With the spin assignments of 4 and 3 to the 194.6- and 159.5-keV levels, respectively,
one could assign a spin 1 to the 80.1-keV level, with the 79.4-keV transition assumed
to be of ∆I = 2 character. The third is the most likely one that the observed 80.1-keV
transition is not the one found in the β-decay studies [66]. That can be true because
it is common in many other odd-odd isotopes where there is no overlap between the
levels obtained in the spontaneous ﬁssion of 252Cf and the β decay. If so, the 0-keV
level is likely to be an isomer and have a (3−) spin-parity. This is supported by
comparing the level structure of 140Cs with that of 138I as discussed below in detail.
Based on the above argument, levels in band 1 in Fig. 7.3 built on the 249.7-
keV, (7−) level are likely to be members of the pi(1g7/2)57/2ν(2f7/2)
3
7/2conﬁguration.
As was mentioned above, the 14+, 12+, and 10+ states in 146Pm and 148Eu have a
pi1h11/2(2d5/2)
−2
0 ν1h9/2(2f7/2)
2
0,2,4 conﬁguration, diﬀerent from that of the 13
+ ,11+,
and 9+ levels. This conﬁguration is formed by coupling the 11/2− isomer in the
corresponding odd-even isotopes with the yrast 9/2− state in the relevant even-odd
isotones, where the 9/2− state was supposed to be a ν1h9/2(2f7/2)20,2,4 conﬁguration
[158]. This conﬁguration is obtained by promoting a 2f7/2 neutron to the 1h9/2
orbital, to interpret levels in the 21/2− → 17/2− → 13/2− → 9/2− cascade in
145Nd and 147Sm, respectively [158]. However, the level pattern of band 2 in 140Cs
seems unlike that of the 14+ → 12+ → 10+ cascade in 146Pm and 148Eu. The
746.1-keV level populates the 249.7-keV level weakly; on the contrary, it feeds the
lower 194.9-keV level strongly. The same structure is seen in 138I, where a strong
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transition was identiﬁed between the (8−) and (6−) levels. Because levels in both
the (11−) → (9−) → (7−) and (12−) → (10−) → (8−) cascades in 138I have the
same conﬁguration, one may be favorable to the idea that levels in both bands 1
and 2 above the (7−) level are members of the pi(1g7/2)57/2ν(2f7/2)
3
7/2 conﬁguration,
though the ν1h9/2(2f7/2)
2
0,2,4 conﬁguration was also proposed to interpret levels in the
21/2− → 17/2− → 13/2− → 9/2− cascade in 139Xe [155, 156], a neighboring Z = 54
isotone of 140Cs. As will be discussed below, rotational and vibrational motions are
observed in 140Cs. So, bands 1 and 2 are the signature partners in 140Cs.
Let us compare the level patterns of 138I and 140Cs, in more detail. Figure 7.10
shows level energies in 138I and 140Cs, which are relative to the X-keV state in the
former and the 0-keV state in the latter. Their striking similarity supports the above
arguments and also indicate that the 0-keV level in 140Cs is not the ground state
with Ipi = 1− but is likely to be an isomeric state with Ipi = 3− in analogy to
the (3−), X-keV state in 138I. The lowest 80.1-keV transition observed in 140Cs is
likely to be an E2/M1 transition as the 118.3-keV transition in 138I. The spin-parity
assignments for high-spin levels in bands 1 and 2 in 140Cs in the above discussion
are well born out by Fig. 7.11, where only high-spin levels above the 7− level in 138I
and 140Cs are compared. One sees that the level pattern in bands 1 and 2 in 140Cs
bears a remarkable resemblance to that in 138I. So, it is reasonable to assign (7−)
to the 249.7-keV level and a pi(1g7/2)
5
7/2ν(2f7/2)
3
7/2conﬁguration to levels in bands 1
and 2 in 140Cs. The similarity in the level patterns of two N = 83 isotones, 136I
and 138Cs [107], support the above argument as well. Of course, care should be
taken in giving pure conﬁguration assignments to nuclei located in a transitional
153
region between the spherical and deformed nuclear shapes, especially to those odd-
odd isotopes.
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Figure 7.10: Comparison of bands 1 and 2 in 140Cs with the corresponding bands
in 138I. Excitation energies are given with respect to the 0-keV and X-keV levels in
140Cs and 138I, respectively. Data are taken from the present work and Ref. [93].
Figure 7.11: High-spin levels built on the (7−) level in 140Cs and 138I. Data are taken
from the present work and Ref. [93].
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It is also worth mentioning that 140Cs, with two protons more than 138I, shows
more collectivity in the level pattern than 138I, as presented in Fig. 7.11. Levels in
140Cs are spaced more evenly than in 138I and transition energies raise with increasing
spins, which suggests that the addition of two protons to 138I induces a change towards
a collective motion. Moreover, the energy splitting in levels in 140Cs are more obvious
and larger than that in 138Cs, as shown in Fig. 7.10. Bands 1 and 2, built on the
(7−) and (6−) levels, respectively, show features of rotational bands. Thus, shell-
model calculations are somewhat infeasible to describe the level pattern of 140Cs. The
collective level pattern also indicate that the octupole correlation, a collective motion,
may be observed in 140Cs with Z = 55 and N = 85, close to the Z = 56 and N = 88
octupole sub-shell gaps [22, 140–143], like heavier Cs isotopes, 141,143Cs [60, 104] and
142Cs discussed in Subsection 7.3.2.
Let us turn to band 3 in 140Cs. The levels in this band are connected to the
corresponding levels in band 1. A common feature observed in this nuclear region is
the existence of octupole-phonon excitations. Octupole structures have been proposed
in 141,143Cs [60,104]. Two neighboring even-oddN = 85 isotones, 139Xe and 141Ba, also
show octupole excitations built on a 13/2+ band-head, which is due to an octupole-
phonon coupled to a ν(2f7/2)
3
7/2 level [155, 156]. The octupole-phonon state has a
spin-parity of 3− at 2015 keV in 138Xe and at 1803 keV in 140Ba. Such a 3− octupole-
excitation state has been found in other A = 140 even-even nuclei in this region,
namely 140Xe and 140Ce. Therefore, octupole excitations are expected to be present
in 140Cs. Furthermore, with the proton number increasing up to 61 and 63, 146Pm
(N = 85) and 148Eu (N = 85) exhibit the octupole structures as well, where the
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11/2− state in 145Pm is coupled to the ν(2f7/2)37/2 ⊗ 3−, 13/2+ state in 145Nd [152]
for the former and the 11/2− state in 147Eu to the ν(2f7/2)37/2 ⊗ 3−, 13/2+ state in
147Sm [154] for the latter. The ﬁrst level of the octupole band in both 146Pm and 148Eu
has Ipi = 12−, decaying to the 11+ level in the yrast band by an E1 transition. So, a
possible candidate band related to octupole excitations in 140Cs is band 3, by analogy
with the structure of 146Pm and 148Eu. The 2187.1-keV level in band 3 is likely to
have a spin-parity of (12+) by coupling the 7/2+ ground state of 139Cs [139] to the
ν(2f7/2)
3
11/2⊗3−, 17/2+ level in 139Xe [155,156]. Then, (14+) and (16+) are assigned to
the 2721.3- and 3328.4-keV levels, respectively, by assuming the crossover transitions
of E2 character. The band-head of band 3 is expected to be the (10+) level, formed
by coupling the 7/2+ ground state of 139Cs [139] to the ﬁrst octupole level of 13/2+
in 139Xe [155, 156]. However, this expected level is not observed. Therefore, bands
1 and 3 form a parity doublet and the simplex quantum number for this doublet is
found to be s = +1.
For nuclei with a small number of valence particles (N < 85), octupole eﬀects
were explained due to octupole phonon excitations. In nuclei with a larger number
of valence particles, one expects stronger octupole correlations, which will eventually
cause octupole deformations of the nuclear potential. At N = 85, the number of
valence particles may not be large enough to cause an octupole instability of the
nuclear mean ﬁeld, yet suﬃcient for numerous octupole excitations to appear. To
check the stability of octupole excitations in 140Cs, the energy displacement δE(I) =
E(I−) − 1
2
[
E
(
(I + 1)+
)
+ E
(
(I − 1)+)] and the rotational frequency ratio R(I) =
156
2
[
E
(
(I + 1)−
) − E((I − 1)−)]/[E((I + 2)+) − E((I − 2)+)] [141] of the s = +1
band structure (bands 1 and 3) are calculated and plotted in Figs. 7.12 and 7.13,
respectively. Shown in Figs. 7.12 and 7.13 are also those of the s = +i structure of
the N = 85 isotones 139Xe and 141Ba [155, 156], the s = −i structure of the N = 86
isotope 141Cs [60], and the s = +1 structure of 140Xe (Z = 54, N = 86) [112]. In
Fig. 7.12, one sees that the curve of 140Cs lies between those of the two isotones
139Xe and 141Ba and is close to those of 141Cs and 140Xe. All curves of these ﬁve
nuclei are declining and approaching zero when spins increase. In the plots of R(I),
it is very interesting to note that the curve of 140Cs is close to the vibration limit
R(I) = (2I − 5)/(2I + 1) with increasing spins, following the tendency observed in
the other four nuclei, which may indicate octupole vibrations in 140Cs, as proposed
in 139Xe [156], 141Ba [156], 140Xe [112], and 141Cs [60]. The argument of octupole
vibrations in 140Cs appears inconsistent with the one obtained in Fig. 7.12, where
the curve is decreasing to and even lower than zero, one of the criteria for the limit
of stable octupole deformations. More experimental data and theoretical eﬀorts are
required to interpret this contradiction.
It is also worth showing excitation energies in octupole bands in these ﬁve nuclei.
Figure 7.14 presents the excitation energies of corresponding levels in the threeN = 85
isotones 139Xe, 140Cs, and 141Ba, respectively. In this ﬁgure, one observes a decrease
of octupole excitation energies from Xe to Cs and then to Ba at N = 85, a sign of
increasing octupole excitations from Xe to Cs and then to Ba as proton numbers
approach to 56. Excitation energies of octupole bands in 140Xe, 140Cs, and 141Cs are
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shown in Fig. 7.15. Although Fig. 7.12 indicates octupole deformations in 140Cs , most
of the above evidence supports the proposal of the existence of octupole excitations of
vibration character in 140Cs. Additional theoretical work may provide a clariﬁcation.
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Figure 7.14: Excitation energies in octupole bands in N = 85 isotones 139Xe, 140Cs,
and 141Ba. The level energies are relative to the 7/2− level in 139Xe and 141Ba and the
249.7-keV, (7−) level in 140Cs. Data are taken from the present work and Refs. [155,
156].
Even-even nuclei with 6 or 8 extra protons and 6 or 8 extra neutrons beyond
the doubly-magic cores 132Sn and 208Pb exhibit the yrast band behavior of reﬂec-
tion asymmetry which is characterized by states of spin I and alternating parity
pi = (−1)I connected by collective E1 transitions at high spin (I ≥ 4 or 6). This
observation has been interpreted as a mix of octupole deformations with prolate-
spheroidal-quadrupole deformations. In neighboring odd-A nuclei, one also ﬁnds
parity-doubling examples. Regularly, the linking E1 transitions are very competi-
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Figure 7.15: Excitation energies in octupole bands in 140Xe, 140Cs, and 141Cs. The
level energies are relative to the ground state in 140Xe and 141Cs and the 249.7-keV,
(7−) level in 140Cs. Data are taken from the present work and Refs. [60, 112].
tive with E2 branches. A few examples have been found in neutron-rich Xe, Cs,
Ba, La, and Ce isotopes. Following the reports on 141,143Cs [60, 104] which showed
evidence of octupole correlations, one again sees alternating parity in the weaker de-
formed 140Cs as discussed above. We will further investigate the strength of octupole
excitations in 140Cs, namely the electric dipole moment D0, in Subsection 7.3.2, along
with the same quality in 142Cs where octupole correlations are proposed.
7.3.2 142Cs
The ground state of 142Cs was known to have Ipi = 0−, where the conﬁguration
pi(1g7/2)
−3ν(2f7/2)−3 was believed to form the main component in the nuclear wave
function [146]. The decay pattern of the current level scheme excludes the possibility
that the 0-keV band-head is the ground state. So, we agree with the proposal in
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Ref. [145] that the present level scheme is built on an isomer with I ≥ 2. We cannot
determine the spin and excitation energy of this isomeric state in the present work.
All the level energies reported in the level scheme in Fig. 7.8 are relative to this
isomer, while a symbol I is used for the spin of this isomer. However, this isomer
is most likely to have a negative parity, based on the systematics of 140Cs [108] and
144La [29].
Multipolarity assignments for some transitions and the spin-parity assignments
to the related levels in 142Cs are made based on angular correlation measurements.
Our angular correlation results in Table VII.1 agree with those reported in Ref. [145],
except the one for the 218.3→ 96.9-keV cascade. Ours is consistent with theory for a
pure quadrupole → pure quadrupole cascade [3,5], whereas the authors in Ref. [145]
claimed that the 96.6-keV transition probably has a ∆I = 1, E2/M1 character.
Though it is possible for this transition to have a ∆I = 1, pure E2 multipolarity,
the ∆I = 2, E2 assignment is more reasonable given spin-parity assignments of other
low-lying levels, as discussed in the following. Though the measurement of the total
internal conversion coeﬃcient (αT) for the 96.9-keV transition is able to give direct
information of its multipolarity, it is impracticable in the present work because we
cannot determine the branching ratios of the low-energy transitions of energies 71.1
and 25.8 keV. Note that the authors in Ref. [145] claimed in their experimental section
that the 123.0 and 25.3-keV levels, with spins of I + 2 and I, respectively, have an
opposite parity to the X- and 96.6-keV levels, with spins of I and I +1, respectively,
but they concluded that the X-keV level has the same parity as the 123.0-keV level in
their discussion section. Here, we propose that the 25.8-, 96.9-, and 123.1-keV levels
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have spins of I+1, I+2, and I+3, respectively, and all of them have the same parity
as the 0-keV level. So, all three low-energy linking transitions of energies 25.8, 71.1,
and 26.2 keV are of ∆I = 1, E2/M1 character. These assignments bear a remarkable
similarity to those in 140Cs [108] and 144La [29]. The assignment of (I + 3)− to the
123.1-keV level is well supported by the non-observation of a 123.1-keV transition to
the 0-keV, I− level. In addition, all cascade transitions are assigned to be stretched
E2. Of course, deﬁnite multipolarity assignments to these low-energy transitions are
still an open question.
As listed in Table VII.1, the angular correlation for the 715.8→ 404.8-keV cascade
agrees well with theory for a pure dipole → quadrupole cascade [3,5]. So pure dipole
is assigned to the 715.8-keV transition. By considering the decay paths of the 1449.3-
keV level, E1 is assigned to the 715.8-keV transition. The same assignment to the
618.8-keV transition is also made based on the angular correlation for the 618.8 →
408.6-keV cascade in Table VII.1. These E1 assignments allow us to assign positive
parity to the levels in bands 3 and 4 in 142Cs. Thus, bands 1 and 3, and bands 2 and 4
form two sets of alternating-parity doublets in 142Cs, respectively. Then the octupole
collectivity is proposed in 142Cs, as seen in 140Cs. This proposal is strongly supported
by the remarkable resemblance among the level structures of 140,141,142,143Cs.
For band 5, spins are assigned to the levels based on their decay patterns and the
assumption that the cascade transitions are stretched E2.
One way to obtain the strength of octupole correlations in a nucleus is to calcu-
late the electric dipole moment D0 by measuring the corresponding B(E1)/B(E2)
ratios and the quadrupole moment Q0. The nuclear electric dipole moment is a
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measure of the shift between the center of charge and the center of mass of the
nucleus. The B(E1)/B(E2) ratios of levels in the s = +1 doublet in 140Cs and
levels of two doublets in 142Cs are calculated using the formula B(E1)/B(E2) =
0.771
[
Eγ(E2)
5Iγ(E1)]/[(Eγ(E1)
3Iγ(E2)
] × 10−6 fm−2, given in Table VII.2. The
measured γ-ray branching ratios are also provided in Table VII.2. Note that the
measured B(E1)/B(E2) ratios in both 140Cs and 142Cs monotonically increase with
increasing spins (excitation energies), as in 143Cs (s = +i) [60, 104]. This eﬀect,
however, was not observed in 141Cs [60]. One sees the same eﬀect for the s = +i
doublet in 143La [29] and 145La [62]. Explanations of this observation require further
theoretical work.
Table VII.2: B(E1)/B(E2) ratios from the corresponding levels in 140,142Cs. The
transitions are followed by their intensities in parentheses.
Nucleus Level spin Level energy Eγ(E2) Eγ(E1) B(E1)/B(E2)
(~) (keV) (keV) (keV) (10−6 fm−2)
140Cs (14+) 2721.3 534.2 (71) 472.5 (100) 0.45(12)
(16+) 3328.4 607.1 (100) 308.1 (30) 0.65 (17)
average 0.55(18)
142Cs (I + 7) 1342.6 269.5 (22) 618.8 (100) 0.03(1)
(I + 9) 1730.2 387.6 (100) 457.6 (49) 0.08(2)
(I + 11) 2233.4 503.2 (100) 258.7 (35) 0.50(14)
(I + 8) 1449.3 299.1 (42) 715.8 (100) 0.01(1)
(I + 10) 1862.8 413.5(100) 584.4(73) 0.03(1)
average 0.13(4)
Here we use the rotational formula D0 =
√
5B(E1)/16B(E2) × Q0 to calculate
the electric dipole moment D0 in a nucleus with octupole correlations. Since the Q0
values of most even-even nuclei are available, those of odd-A nuclei can be taken from
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their corresponding neighboring even-even cores. However, for an odd-odd nucleus,
it is more complicated. A “four-point interpolation” of the known Q0 values of the
neighboring even-even nuclei for 140,142Cs is a good way to determine the Q0 values of
140,142Cs, respectively. The four neighboring even-even nuclei for 140Cs are 138,140Xe
and 140,142Ba, and for 142Cs are 140,142Xe and 142,144Ba. However, the experimental
Q0 values of
138,142Xe are not known. So, a “three-point interpolation” is used in
practice. The average over 140Xe (1.80(4) eb), 140Ba (2.08(46) eb), and 142Ba (2.65(7)
eb) [160] yields Q0 = 2.18(44) eb for
140Cs and the average over 142Ba (2.65(7) eb),
144Ba (3.25(9) eb), and 140Xe (1.80(4) eb) [160] gives Q0 = 2.57(60) eb for
142Cs.
Using Q0 = 2.18(44) eb and the average value of all B(E1)/B(E2) ratios in Table
VII.2 in 140Cs as 0.55(18)×10−6 fm−2, one obtains D0 = 0.09(3) efm for 140Cs. In
the same manner, D0 = 0.05(2) efm for
142Cs is derived. Given the corresponding
D0 values for
141,143Cs in Ref. [60], a plot is drawn to show the systematics of D0 for
140,141,142,143Cs, where octupole correlations have been proposed. This plot is given in
Fig. 7.16, where those D0 values reported in Sm, Nd, Ce, La, Ba, and Xe isotopes
with octupole correlations are also included. Note that the D0 value for
142Cs is larger
than that of 143Cs [60]. Even if the very high value of B(E1)/B(E2) of 0.50(14)×10−6
fm−2 at (I + 11) is deleted, the D0 value for 142Cs is obtained as 0.028(7) efm, which
is still larger than 0.015(5) efm for 143Cs [60].
The present study enriches our knowledge of the variation of the electric dipole
moments in the Cs isotopic chain and provides further evidence for the proposal in
Ref. [60] that a pronounced decrease of the electric dipole moments with increasing
neutron numbers occurs in the Cs isotopes. These data presented in Fig. 7.16 show the
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Figure 7.16: Electric dipole moments D0 of
140,142Cs compared to those reported in
Sm, Nd, Ce, La, Ba, Cs, and Xe isotopes with octupole correlations. A pronounced
decrease of D0 is seen in the Cs isotopes. Data are taken from the present work for
140,142Cs, from Ref. [29] for 143,144La, and reproduced from Fig. 12 in Ref. [60] for
other nuclei.
observation of decreasing electric dipole moments with increasing neutron numbers
from 140Cs to 143Cs. In Fig. 7.16, one sees that the variation of the dipole moments in
the above Cs isotopes follow those in Ba and La. The data show that the D0 values
for Ba have a small and deﬁnite increase, but they have a deﬁnite decrease at N = 90
for Ba and La. The decrease occurs earlier in the Cs isotopes. It is not necessary that
the point where this decrease occurs should be the same for diﬀerent isotopes. Note
that a similar dramatic drop in D0 was found at N = 136 in
224Ra. As was discussed
in Ref. [60], it is very likely that the decrease of D0 with increasing neutron numbers
observed in the Cs isotopic chain from 140Cs to 143Cs has an origin similar to that for
the drop of D0 for
146Ba. Shell-correction calculations in the reﬂection-asymmetric
mean ﬁeld theory indicated that the dramatically reduced D0 in
146Ba is because of
the very small shell-correction term, from the cancellation between contributions to
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Dshell0 of protons and neutrons, and the negligible macroscopic contribution, due to
the cancellation between the reorientation term and the neutron-skin term [161].
Moreover, one sees very good systematics of lowering of the D0 values with de-
creasing proton numbers from Z = 62 (Sm) down to Z = 54 (Xe) at N = 86, 87,
which can be interpreted as a shell eﬀect of the Z = 50 closed shell [142]. The dipole
moments of 143,144La are located below the values of the corresponding Ba isotones
only because their levels are not extended to as high spins as those in 145,147La, where
the B(E1)/B(E2) ratios for higher-spin levels are much larger than those for lower-
spin levels. This has been interpreted by Zhu et al. [62] as conﬁguration mixing in
the lower-spin states.
7.4 Conclusion
The nuclear structure of the odd-odd, N = 85 nucleus 140Cs has been re-investigated.
A measurement has been performed to ﬁrmly assign the mass number 140 to the pre-
viously known transitions. Eight new excited levels with thirteen new deexciting
transitions at high spin and three new excited levels with seven new deexciting tran-
sitions at low and medium spin are observed to enable us to establish the level scheme
of 140Cs. Spins and parities of levels in 140Cs are tentatively assigned on the basis of
angular correlation measurements, systematics of N = 85 isotones, and the proposal
of the existence of octupole excitations. The structure of 140Cs has been discussed
and the newly identiﬁed side-band (band 3) along with band 1 is proposed to form
an s = +1 octupole doublet. Further examinations indicate that octupole excitations
are more of vibration character in 140Cs.
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A new level scheme of 142Cs has been established. Spin-parities have been ten-
tatively assigned to levels in 142Cs based on angular correlations and systematics of
neighboring nuclei. Two sets of alternating-parity doublets are extended to indicate
more deﬁnite octupole correlations in 142Cs.
The average electric dipole moments for 140,142Cs are measured and compared
with 141,143Cs and other neighboring nuclei observed with octupole correlations. A
remarkable decrease in D0 in the Cs isotopic chain with increasing neutron numbers
is found, which may be analogous to the drop of D0 in
146Ba. The pronounced drop
of D0 in the Cs isotopes may have a similar origin to that in the Ba isotopes. More
theoretical eﬀorts are needed to interpret what we have found in the Cs isotopes with
octupole correlations.
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CHAPTER VIII
CONCLUSIONS
The present dissertation is accomplished mainly by analyzing our ﬁssion exper-
imental data collected in 2000. A large amount of γ-ray coincidence events were
accumulated with the Gammasphere detector array for further detailed analysis of
properties of neutron-rich nuclei produced in the spontaneous ﬁssion of 252Cf.
A few nuclei in three diﬀerent mass regions have been studied. They are: (a)
114,115Rh in the A = 110 region, where triaxiality plays an important role in the
nuclear structure; (b) 134I, 137I, 139Cs, and four N = 83 isotones beyond the doubly-
magic core 132Sn, where the shell model is suitable for describing their properties;
(c) 140Cs and 142Cs near the region centered on Z = 56, N = 88, where octupole
deformations/correlations were proposed.
The ﬁrst identiﬁcation of high-spin excited states in 114,115Rh provides very im-
portant information on the structure of Rh nuclei in the more neutron-rich region. A
∆I = 1, negative-parity yrast band and a side-band in 114Rh are found. The signa-
ture inversion of the yrast bands of 106,112,114Rh is observed at 13.7 ~ for 106Rh, 12.5
~ for 112Rh, and 10.6 ~ for 114Rh. The triaxial deformation is proposed to result in
the signature inversion. The level scheme of 115Rh is established with an yrast band
and an yrare band. The large signature splitting and the yrare band show features of
a typical triaxial nucleus. Preliminary calculations based on the rigid-triaxial-rotor-
plus-quasiparticle model have been performed to predict triaxiality of γ = 28◦ for
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115Rh.
A new high-spin level scheme of 134I has been established for the ﬁrst time. This
high-spin level scheme is proposed to be built on the 8− isomeric state. Shell-model
calculations have been performed and good agreement with experiment is found for
both level energies and spin-parity assignments. Two N = 84 isotones 137I and 139Cs
have been studied. The high-spin structure of 139Cs is investigated, by extending its
level scheme to 4670 keV. Spins and parities of levels in 139Cs are ﬁrmly assigned
up to 25/2+ experimentally. High-spin states in 137I are extended as well. The level
patterns of these two isotones indicate the important role that the two major shells
Z = 50 and N = 82 play in their structures. Realistic shell-model calculations have
been carried out to interpret the structures of 137I and 139Cs, by choosing 132Sn as a
closed core. The calculations provide a very satisfactory description for both isotones,
with discrepancies not exceeding 150 keV for most of the states up to 3.5 MeV. This
shows that the interpretation of the low- to medium-energy levels in 137I and 139Cs is
well within the shell-model framework. However, for levels higher than 33/2+ in both
137I and 139Cs, larger discrepancies are found, which may indicate that excitations
outside the chosen model space play an important role for such states. The present
work indicates that the shell model can be used for neutron-rich nuclei as far as
Z = 55 and N = 84.
The g-factor of the 15/2− state in 137Xe has been measured for the ﬁrst time to
extend our knowledge of g-factors in nuclei having several nucleons beyond the doubly-
magic core 132Sn. The measured value is in good agreement with the theoretical
prediction from the shell model. Based on observed angular correlations, spins and
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parities are assigned to several levels in four N = 83 isotones 135Te, 136I, 137Xe,
and 138Cs. These assignments are supported by the present shell-model calculations,
which also show conﬁguration mixing in these nuclei caused by one more neutron
than their corresponding N = 82 isotopes and increasing proton numbers.
The nuclear structures of the odd-odd 140Cs and 142Cs have been re-investigated.
A new level scheme with a new side-band is built in 140Cs. Spins and parities of
levels in 140Cs are tentatively assigned. The structure of 140Cs has been discussed
and the new side-band (band 3) along with band 1 is proposed to form an s = +1
octupole doublet more of vibration character. A new level scheme of 142Cs has been
established. Spin-parities have been tentatively assigned to levels in 142Cs. Two
sets of alternating-parity doublets are built to indicate octupole correlations in 142Cs.
The average electric dipole moments for 140,142Cs are measured and compared with
neighboring nuclei. A striking decrease in D0 in the Cs isotopic chain with increasing
neutron numbers is found. The pronounced drop of D0 in the Cs isotopes may have
a similar origin to that in the Ba isotopes at N = 90.
In a word, the present dissertation enriches our knowledge of nuclear structures of
neutron-rich nuclei produced in the spontaneous ﬁssion of 252Cf. The current studies
involve three important mass regions, which are of great interest in both theory and
experiment.
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